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I. INTRODUCTION 
Although the alkali thioborate glasses, M2S + B2S3, seem to exhibit very similar 
short range order (SRO) to their oxide counterparts, M2O + B2O3, great differences in the 
intermediate range orders (IRQ) of the glasses must exist to account for the substantial 
differences found in their physical properties [1]. Short range order generally refers to the 
first coordination sphere (i.e., whether a boron atom is trigonally or tetrahedrally 
coordinated), while intermediate range order usually refers to the second through fifth 
coordination spheres, and includes ring structures. The goal of this work is to gain an 
understanding of the relationships that must exist between the intermediate range order of 
a glass and its physical properties. Such an understanding may eventually enable glass 
engineers to make use of both the short and intermediate range orders of glass structure in 
the engineering of glass properties. 
The alkali thioborates, M2S + B2S3 (M = Li, Na, and K) are targeted for this 
investigation, and of particular interest is the system Na2S + B2S3. This system has an 
alkali borate counterpart, Na20 + B2O3, which has been studied in great detail [2-14], 
while the alkali thioborate system has been studied only enough to hint at the great 
differences which must exist in the IRO's of the glasses [1]. 
The glass-forming region in the alkali borate system Na20 + B2O3 has been shown 
by Martin and Angell [13] to include two distinct regions: a low alkali region where 
glasses can be formed from 0 to 33 mol% Na20, and a high alkali region where glasses 
2 
can be formed from 65 to 73 mol% Na20. The gap in the glass-forming range is 
associated with the formation of the high melting point compound NaB02 (Tj^ = 968°C), 
and can be eliminated by the addition of >13 mol% AI2O3 [13], allowing continuous glass 
formation from 0 to -67.5 moI% Na20. 
The glass-forming region in the alkali thioborate system Na2S + B2S3 is very 
similar to that of its oxide counterpart as illustrated in Figure I.l. This system, too, 
exhibits two distinct glass-forming regions: a low alkali region where glasses can be made 
from 0 to 25 mol% Na2S, and a high alkali region where glasses can be made from 60 to 
70 mol% Na2S [1]. In addition, Susman et al. [15] report glass formation at 50 mol% 
Na2S, although these experiments were performed using commercially available B2S3, 
which has been shown to be of questionable purity [16]. This system also displays a gap 
in the glass-forming range, which is most likely associated with the high melting point 
compound NaBS2 (T^ ~ 580°C) [1]. It is possible that the addition of AI2S3 will close 
the glass-forming gap as AI2O3 does in oxide systems [2,13]. 
The crystal structure of B2O3 consists of trigonally coordinated borons arranged in 
sheets of six-membered rings [17]. The crystal structure of B2S3 has been studied by 
Diercks and Krebs [18] and appears to be a layer structure in which layers are connected 
via sulfur bridges. The layers consist of zig-zag chains of six-membered rings with each 
chain linked to another by a four-membered ring as shown in Figure 1.2. 
Infrared spectroscopy, a technique which is very sensitive to the short range order 
of a glass, has been used by Martin et al. [1,19] to study crystalline compounds and glasses 
3 
NagO 
NagS 
I I I I I I I 1 I 
0 10 20 30 40 50 60 70 80 
mole % Na201 Na2S 
Figure I.l. Comparison of the glass-forming regions in the systems 
NAGX + B2X3 (X = O, S) [1] 
© = s ® = B 
Figure 1.2. Crystal structure of B2S3 [18] 
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in the system Na2S + B2S3. It appears that significant similarities exist between the oxide 
and sulfide systems in terms of both amounts and types of crystalline compounds that form 
[19]. Krogh-Moe [20] has proposed that structural groupings found in the crystalline 
compounds of a system should also be present in glasses formed in that system, and 
indeed, studies of alkali borate systems utilizing NMR by Jellison et al. [8] and Bray et al. 
[9] tend to support this theory. Based on the crystal structure of C-B2S3 determined by 
Diercks and Krebs [18], we would expect to find the following structural units in V-B2S3 
(see Figure 1.3): trigonal planar (BS3) units, four-membered rings, and six-membered rings. 
There is no oxide analog for the four-membered rings observed in C-B2S3, but four-
membered rings have been observed in other sulfide systems, particularly crystalline SiS2 
[21-23] and glasses in the system Li2S + SiS2 [24]. 
The infrared spectra of the glasses in the system Na2S + B2S3 suggest that, as in 
the oxide system [4], tetrahedral borons (BS4 groups) are formed with added alkali [1]. 
The IR spectra of glasses in this system differ from that of vitreous B2S3 only in the 
magnitude of a band found at approximately 600-700 cm"\ This band grows with added 
Na2S as Figure 1.4 shows, and has been associated in crystalline compounds [19] with the 
formation of tetrahedrally coordinated borons. Martin and Bloyer [19] have found no 
evidence of four-membered rings in their infrared spectra of V-B2S3, but also state that 
there is no evidence that IR spectroscopy can distinguish between four- and six-membered 
rings. 
The structures of alkali borate glasses have been extensively studied using ^ % 
BS 
Four-membered 
ring (dimer) 
# = B 
0=s 
Six-mem bered 
ring (trimer) 
Figure 1.3. Structural units which should be present in V-B2S3 [1] 
7 
O 
< 10% NaoS 
1400 1200 1000 800 600 400 
waven umbers 
Figure 1.4. IR spectra of V-B2S3 and Na2S + B2S3 glasses of 
increasing alkali content [1] 
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NMR (nuclear magnetic resonance) techniques [4,5,6,8,9]. In 1958, Silver and Bray [4] 
first reported the formation of four-coordinated borons with the addition of Na20 to B2O3. 
Later studies have confirmed this and also found that the number of four coordinated 
borons goes through a maximum at a tetrahedral boron fraction of approximately 0.50, and 
then decreases with added Na20 in the high alkali region [6,8]. In addition, NMR 
experiments [8] have shown that trigonal borons in different structural environments can 
also be resolved. 
In contrast, very little ^ % NMR work has been done on the alkali thioborates. Suh 
et al. [25] studied Li2S + glasses from 50 to 75 mol% Li2S (this appears to be the 
only region in which glasses in this system do not phase separate) and observed similar 
trends to those seen in the high alkali glasses in the alkali borate studies-a decreasing 
number of four-coordinated borons with added alkali. Only one NMR study of glasses 
in the alkali thioborate system Na2S + has been reported. Zahir et al. [26] report 
that, in the low alkali region, as alkali content increases, the number of four-coordinated 
borons increases. Only three glasses appear to have been examined. These glasses were 
prepared using commercially available B2S3, which has been shown [16] to be of 
questionable purity. 
Density measurements performed on the alkali thioborate glasses in the system 
Na2S + B2S3 [1,27] also are in agreement with those of alkali borate glasses studied by 
Karki et al. [14]. The density data, shown in Figure 1.5, suggest that in the low alkali 
region the structure is being "tightened" with the addition of Na2S. 
9 
2.10 
2.00 
E 1.90 
O) 
w 
1.70 
1.60 
0.00 0.20 0.40 0.60 0.80 1.00 
mole fraction NagS 
Figure 1.5. Densities of glasses in the system Na2S + [27] 
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Infrared and ^ % NMR spectroscopy, both of which are sensitive to the SRO of a 
glass, indicate that unlike alkali silicates and thiosilicates [24], the SRO structures of alkali 
borates and thioborates are very similar. However, when the glass transition temperatures 
(Tg's) of the alkali borates [13] are compared to those observed in the alkali thioborates 
[1], it is readily apparent that the structures of these glasses must not be as similar as 
infrared and NMR spectroscopy results suggest. As can be seen in Figure 1.6, the glass 
transition temperatures of glasses in the system Na20 + B2O3 increase from about 260°C 
for pure B^Og to almost 500°C at 25 mol% Na20, and then decrease [28]. In contrast, the 
glass transition temperatures of glasses in the low alkali region of the system Na2S + B^Sg 
decrease from about 310°C to 175®C as the Na2S content increases from 0 to 20 mol% 
[29]. Martin and Angell [13] and Affatogatto et al. [30] have shown that the increase in 
glass transition temperature with increasing alkali oxide can be associated with an 
increasing number of tetrahedral borons present in the glasses. The dramatic differences 
in the structurally dependent glass transition temperature seen in the alkali thioborate 
glasses could, then, be associated with a lack of tetrahedral borons. IR and NMR 
measurements, however, both suggest that tetrahedral borons do exist in these glasses, and 
if that is the case, the way in which they order must be different. In any case, it is 
apparent that although the SRO in these glasses may be similar, there are significant 
differences in the IRO, and it may therefore be necessary to turn to techniques which may 
be able to provide information on the IRO, such as NMR and high-field NMR. 
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IL BACKGROUND 
A. The NMR Experiment 
1. A typical NMR experiment 
A typical NMR experiment can be described in three basic steps: (i) preparation, 
in which an ensemble of nuclear spins is placed in a static magnetic field Bq and allowed 
to come to equilibrium; (ii) evolution, in which the sample is irradiated using an alternating 
magnetic field Bj; and (iii) detection, in which the response of the ensemble of spins to 
the perturbation caused by the field B^ is observed [31,32]. Figure II. 1 shows a simplified 
schematic of a pulse NMR spectrometer. A frequency synthesizer produces a radio 
frequency (MHz range) signal at frequency CO. The signal is divided into a reference signal 
and a signal that goes through the transmitter and, after amplification, to the probe circuit, 
where the sample is excited by the r.f. pulse. The sample responds to the r.f. pulse at 
frequency CÛQ and this response is sent to a receiver and then to a mixer, where 
demodulation occurs (co and cOq reach the mixer, which yields a signal containing two 
frequencies, |O3 ± C0q| [33]). The resulting signal is fed into an audio amplifier which 
filters out signals of frequencies higher than 1 MHz. Only the difference in frequencies, 
Sco, is passed through, and this is the signal that is displayed on the oscilloscope and 
collected. 
a) Preparation. In order to understand the preparation phase, it is necessary to 
understand the magnetic properties of nuclei. All nuclei possessing an odd number of 
divider switch crossed diodes probe 
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Figure 11.1. Schematic diagram of a pulse NMR spectrometer [32] 
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protons and/or neutrons possess angular momentum, or spin, I, and therefore a magnetic 
moment, p. The components of nuclear angular momentum with respect to Bq are 
quantized, and may take on the values mh, where m is the discrete spin variable whose 
values range over the 21+1 values from -I to +1. The magnetic moment, p, is proportional 
to the spin angular momentum P; 
ii = iP (II. 1) 
The gyromagnetic ratio, y, is a constant for a given nucleus and characterizes the size of 
the nuclear magnetic moment. If I > 1/2, the nucleus also possesses an electric quadrupole 
moment, Q, which arises from a non-spherical symmetry of the nuclear charge distribution. 
In the presence of an applied magnetic field BQ, a classical magnetic moment, P, 
experiences a torque which is equal to the rate of change of the angular momentum: 
torque = p x BQ = ^ (II.2) 
dt 
Since the angular momentum P is related to the magnetic moment p by y, we can rewrite 
this expression as 
^ = yp X BQ (II.3) 
dt 
The solution to this equation is that the P vector precesses about BQ at an angular 
frequency of coq = yBg. Dividing co by 2n gives us the Larmor frequency, Vq. Because 
each nucleus with I > 0 has a uniquely defined y, the Larmor frequency for each distinct 
nucleus is different, and the resonance frequencies typically range from a few to several 
hundred MHz in magnetic fields commonly attainable today (1-15 T). Figure n.2 shows 
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Figure n.2. Precession of p about Bq 
the precession of |II about BQ. 
In terms of quantum mechanics, the orientation of the magnetic moment with 
respect to the field must be quantized. In the field BQ, the 21+1 discrete spin states are 
separated into different energy levels, or orientations of the magnetic moment, having 
energies E = -yhmBQ. These are the Zeeman energies, and result from the Zeeman 
interaction, = -'hYl'BQ. Figure II.3 shows the energy levels for spin 1/2, spin 1, and 
spin 3/2 nuclei in an applied field BQ, The energy difference between two adjacent levels 
is 
16 
AE = = CûQh (11.4) 
The allowed orientations are not actually collinear with the magnetic field, although for the 
sake of simplicity it will be assumed here that they are (i.e., permitted orientations lie 
parallel and antiparallel to the field). A nucleus aligned parallel to the field and is in a 
lower energy state than a nucleus aligned antiparallel to the field. A moment parallel to 
the field can, if it receives the right amount of energy, make a transition to the higher 
energy state [34]. 
m = -Va 
Jt 
m = -V2 
(a)l = V. 
! AE = yABg 
f m = +V2 
f m = -1 I AE = ^^60 
I AE = yhBQ —* m = +% 
Î m = 0 (b) I = 3/2 
AE = yhBQ 
m = +1 
(c) I - 1 
Figure II.3. Energy levels for (a) spin 1/2, (b) spin 3/2, and (c) spin 1 
nuclei in an applied field BQ 
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All nuclei of one type in a macroscopic sample have identical moments. The 
populations of spins aligned parallel and antiparallel to the field are described by a 
Boltzmann distribution, and at room temperature the population ratio differs from unity by 
only about 10'^ to 10'^. 
Because of the magnitude of the nuclear magnetic moments (on the order of 
1 Pg = 5.0505 X 10"^^ JT"^) the resulting net magnetization, MQ, which determines the 
eventual signal intensity, is very small at 300K. MQ can be further lowered by a low 
natural abundance of the nucleus in question, making some nuclei more insensitive to NMR 
investigation than others. Parameters for the nuclei involved in this study as well as other 
common NMR nuclei are given in Table ILL 
b) Evolution. One of the requirements of quantum mechanics is that transitions 
between discrete energy levels can only occur when an appropriate amount of energy (a 
quantum) is absorbed or emitted. The quantum of energy required in a I = 1/2 nucleus, for 
example, for a moment aligned parallel to the field to make the transition to the higher 
energy antiparallel state is hcù, where (O is the angular frequency of the applied r.f. field 
supplying the energy. This r.f. field is applied perpendicular to BQ, rotating about it in the 
same direction as p (see Figure 11.4). Resonance is attained when the frequency, co, of the 
Bj field is equal to the Larmor frequency, COQ, and can therefore induce transitions between 
the energy levels. The resonance condition is given by equation (11.5). 
CO = (ÛQ = YBQ (IL 5) 
ûJq can be determined by exposing an ensemble of nuclear spins to an r.f. pulse and then 
Table II.l: NMR parameters of common nuclei and of those studied in this work [36] 
natural quadrupole resonance 
nucleus spin abundance sensitivity^ gamma*' moment*' frequency^ 
% 1/2 99.985 5.68 X 103 26.751 „ 100 
"^Li 3/2 92.58 1.54 X 10^ 10.3964 -4.5 X 10"^ 38.864 
lOg 3 19.58 22.1 2.874 7.4 X 10-2 10.744 
3/2 80.42 7.54 X 10% 8.5794 3.55 X 10-2 32.072 
1/2 1.108 1.00 6.7283 — 25.145 
5/2 0.037 6.11 X 10'^ -3.6264 -2.6 X 10-2 13.556 
19F 1/2 100 4.73 X 10^ 25.181 — 94.094 
^Na 3/2 100 5.25 X 10^ 7.0761 0.12 26.452 
33s 3/2 0.76 9.73 X 10-2 2.0534 -5.5 X 10-2 7.676 
39^ 3/2 93.1 2.69 1.2483 5.5 X 10-2 4.666 
^ relative to at fixed frequency 
^ 1(P rad sec"^ 
^ 10"^^ m^ 
% TMS 100 MHz (i.e., in a field of 2.3488 T) 
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Figure II.4. Direction of application of r.f. field Bj (in the rotating frame) 
detecting the transient response of the sample. In the absence of interactions other than the 
Zeeman interaction, all energy levels are equally spaced, and the spectrum will simply be 
a delta function at the resonance frequency. 
The Bj field exerts a torque on the net magnetization vector, and the motion of this 
vector is described as a superposition of the Larmor precession about BQ and a precession 
about the instantaneous direction of Bj with the angular velocity 
0)1=761 (II.6) 
To simplify the motions of nuclear magnetic moments under the influence of a Bj 
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field, it is customary to work in a coordinate system rotating about the static field at the 
applied r.f. This has the effect of making the net magnetization vector remain stationary 
instead of precessing about Bq. Figure II.5 shows the net motion of the magnetization 
under the influence of Bj in both the laboratory frame and the rotating frame [31]. 
The angle, 0, by which the net magnetization, M, is rotated in the y-z plane depends 
upon the intensity, cOj =762, and duration, tp, of the Bj field (or "pulse"): 
where tp is the pulse width. An appropriate combination of intensity and duration of the 
Bj field can rotate the magnetization by any desired amount. Pulse lengths generally run 
from a several tenths of a microsecond to a few microseconds. If (p is chosen so that 
0 = 7r/2 (a 7r/2 or 90° pulse) then at the end of the pulse, M is found along the y' axis, 
which is the direction of detection. The 90° pulse, therefore, is the condition required to 
obtain a maximum response from the sample and provides exactly enough energy to 
equalize the populations of the high and low energy spin states [35]. If Bj is applied for 
twice as long, a 180° (7t) pulse is obtained. The 180° pulse inverts the populations of the 
high and low energy spin states, aligning the magnetization along the negative z axis. 
Since there is no transverse component of magnetization following such a pulse, one 
obtains no response from the sample in an NMR experiment in which the axis of the 
detection coil is perpendicular to the static field, BQ. 
c) Detection. Once the Bj field is turned off, the magnetization precesses freely, 
and due to various relaxation mechanisms, it decays as the spins revert to their static-field 
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Figure II.5. Net motion of M under the influence of Bj in (a) 
laboratory frame and (b) the rotating frame [31] 
22 
population ratio. This component of the decaying magnetization in the plane perpendicular 
to Bq induces an r.f. current at the Larmor frequency in the coil around the sample. The 
signal induced in the coil is a decaying oscillation, and is called a free induction decay 
(FID) [34]. Figure II.6 shows the relationship between the precessing moment and the 
observed component of the magnetization. Immediately after the jr/2 pulse, the 
magnetization lies along the y axis, and with phase detection along y, a maximum positive 
signal is observed. With the component of the magnetization lying along the y axis being 
detected, as the magnetization begins to precess away from the y axis, the signal begins to 
decay (Figure 11.6(a)), and when the magnetization is lined up along the x axis, no signal 
is observed (Figure 11.6(b)). When the magnetization is lined up along the negative y axis, 
a maximum negative signal is observed (Figure 11.6(c)). 
The FID contains components of all the resonance frequencies in the sample which 
were excited by the pulse. Using a Bj pulse of frequency Vq applied for a time tp, a range 
of frequencies Avq from Vg - 1/tp to Vg + 1/tp can be covered. The information contained 
in the FID, however, is in the time domain, and must be transformed into the frequency 
domain in order to be examined. Fourier transformation allows the conversion of a 
function of time, f(t), into a function of frequency, f(co), and vice versa, according to the 
following relationships: 
0 
(11.8) 
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Figure II.6. Relationship between precessing moment and observed 
component of magnetization [36] 
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f(t)= ^ |f((0) e'^û^dco (II.9) 
Figure n.7(a) shows a simple FID of a molecule containing, for instance, protons which 
are all chemically equivalent, after a 90® pulse. The FID contains only one frequency 
component and decays exponentially with time constant T2*. Fourier transformation yields 
a single Lorentzian line with a full width at half height of I/71T2* (Figure 11.7(b)). If the 
sample contained several chemically different protons, all the contributions to the 
;t/T/ 
frequency —» 
Figure 11.7. (a) FID of a molecule containing only one site 
(b) FFT of FID in (a) 
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magnetization would be rotated approximately 90° by the pulse, and each would precess 
with its own characteristic frequency, which would be the Larmor frequency, cOq = yBq, 
plus or minus the frequency changes due to internal interactions such as the chemical shift 
and the electric field gradient for a quadrupolar nucleus. The different contributions would 
eventually come in and out of phase with each other, producing a FID with a complex beat 
pattern of decaying sinusoids which all start with the same phase [34]. The Fourier 
transform of such a FID would be the NMR spectrum of the sample. 
2. Nuclear interactions in solids 
In the nuclear magnetic resonance experiment, the Zeeman interaction is the 
strongest interaction experienced by nuclear spins. The Zeeman interaction is, however, 
independent of the local magnetic and electronic environment, and can therefore yield no 
structural information about the material in which the nuclei are located [37]. In order to 
study local structure, it is necessary to look at perturbations of the Zeeman interaction: the 
other nuclear interactions which change the delta function produced by the Zeeman 
interaction by shifting, broadening, and giving structure to it, thereby producing the NMR 
lineshape. 
These interactions are (i) quadrupolar coupling, (ii) shielding, or chemical shift, (iii) 
dipolar coupling, and (iv) scalar coupling. All four of these interactions are anisotropic, 
which means that each is dependent on the orientation of the static field with respect to the 
principal axis system of the interaction in question. The resonance frequencies exhibited 
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by a nucleus are a reflection of the contributions of these interactions. In many nuclei, one 
interaction dominates, and so it is easiest to describe each interaction separately, as if it 
alone were affecting the resonance frequency. 
a. Quaclrupolar coupling. For nuclei with I = 1/2, the nuclear charge symmetry 
is spherical and the nucleus is unaffected by an electric field gradient (EFG) such as the 
one produced by non-spherically symmetric chemical bonding about the nuclear site. 
However, nuclei with I > 1/2 do not possess spherical nuclear charge symmetry, and the 
nuclear energy levels are shifted by the field gradient [36]. The interaction between the 
nuclear electric quadrupole moment (possessed by all nuclei with I > 1/2) and the electric 
field gradient at the nuclear site is called the quadrupolar interaction, and can be a very 
sensitive probe for both local structure and bonding [38]. Figure II.8 shows how the 
quadrupolar interaction shifts the energy levels in a spin 3/2 nucleus. 
The quadrupolar interaction is characterized by two parameters: the asymmetry 
parameter, T), and the quadrupole coupling constant, The asymmetry parameter is a 
measure of the deviation of the electric field gradient tensor from axial symmetry in its 
principal axis system, and the quadrupole coupling constant is an indication of the overall 
strength of the interaction [38]. and T| can be expressed as follows: 
Qcc = (H.10) 
^ (Qxx " Qyy)/Azz where [q^^ | ^  llyyl — IQxxI (11.11) 
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Figure II.8. Shift in energy levels caused by the quadrupolar 
interaction for a spin 3/2 nucleus 
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where e is the electron charge, Q is the electric quadrupole moment, and q^^^ is the second 
derivative of the electrical potential in the n direction (where n = x, y, or z, and z is 
defined as the direction of the largest component of the EFG tensor). 
Highly symmetric nuclear sites tend to give rise to low values of (< 500 kHz) 
and asymmetry parameters near zero, while less symmetric sites will give rise to higher 
values of both parameters. The NMR response of a highly symmetric site (i.e., the 
response of a four-coordinated boron) with tetrahedral or square planar symmetry tends to 
exhibit much less (near zero) quadrupolar broadening than that of a less symmetric site 
(i.e., the response of a three-coordinated boron) [37-39]. 
Unfortunately, nuclear electric quadrupole parameters are not calculable from first 
principles with the necessary precision to make them useful in quantitative studies, and are 
therefore of use mostly for qualitative and semi-quantitative symmetry considerations [40]. 
Quadrupole broadened NMR lineshapes arising from the random distribution of site 
orientations in a polycrystal or amorphous material are known as powder patterns. 
Theoretical powder patterns can be used to identify structural features present in 
experimental spectra. The powder pattern of the central (1/2 <-> -1/2) transition of a 
quadrupolar nucleus with asymmetry parameter T| = 0 is shown in Figure II.9. 
b. Shielding, or chemical shift. The chemical shift interaction arises because the 
magnetic field experienced by a nucleus is not identical to the applied field. This is 
because the nucleus is surrounded by an electron distribution cloud which is generally of 
some complicated shape determined by the chemical bonding about the nucleus. Upon 
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Figure n.9. Powder pattern of the central (1/2 <-> -1/2) transition 
of a quadrupolar nucleus for Tj = 0 
V] V2 "V3 
Figure 11.10. Chemical shift powder pattern; 5 = 0, T| = 0 
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exposure to the static field BQ, this cloud generates its own magnetic field in accordance 
with the laws of quantum mechanics [36]. This field adds to the static field, shielding the 
nucleus from the static field. The field experienced by the nucleus is no longer BQ, and 
hence the observed Larmor precession frequency is shifted as shown in equation (11.12) 
[41]: 
%bs= (11.12) 
where 1 is the unit 3x3 matrix, and a is the shielding tensor: 
a = 
^xx ^xy ^xz 
®yx ^yy ^yz 
®zx ^zy ^zz 
(11.13) 
The anisotropy of the chemical shift is characterized by the difference between the 
principal elements of the shielding tensor, Oyy and 
The intensity of the NMR lineshape at a frequency v is a function of the three 
principal values Oj, and the angles that relate the principle axis system to the direction of 
the applied field [37]. In an amorphous material, all orientations of the chemical shift 
tensor are present. Figure 11.10 shows a chemical shift powder pattern for non-zero 
anisotropy, 5, and non-zero asymmetry parameter, Tj. The principal values of the chemical 
shift tensor, Oj, can be obtained from the powder pattern by a computer simulation of the 
spectrum [37], and these values can be related to microstructure and chemical bonding in 
a glass, provided that a large enough data base is available for comparison. 
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The amount of ionic character in the bonds around the probe nucleus can be 
determined using the magnitude and sign of ajg^, the isotropic chemical shift tensor. A 
diamagnetic chemical shift is caused by currents induced in the electronic orbitals of ionic 
bonds. This causes a magnetic field at the nuclear site which opposes the applied field, 
shielding the nucleus from part of the applied field. A paramagnetic chemical shift 
produces a local field that enhances the applied field, thereby decreasing the shielding of 
the nucleus. 
The structure of the chemical shift powder pattern can also be used to study 
microstructure as a function of composition. This is particularly useful in spin 1/2 nuclei 
like ^^Si. In nuclei like ^^Na and ^ %, where the quadrupolar interaction is fairly large 
(on the order of MHz) compared to the chemical shift interaction (less than 1 kHz), 
chemical shift effects are not as easily observable in the NMR spectra. Use of high field 
NMR, however, may make it possible to observe chemical shift effects. This is 
accomplished in two ways. First, the sample is spun at a frequency approximately equal 
to the peak width, usually a few kHz. Spinning is done at the "magic angle" of P = 54.7° 
to the applied magnetic field. At this angle, the shielding anisotropy and anisotropy of the 
first order quadrupolar interactions, which vary as (3cos^(p) - 1), are reduced to their 
isotropic values [42]. This technique is called magic angle sample spinning (MASS), and 
has the effect of removing the broadening of the powder pattern caused by the nuclear 
magnetic dipole-dipole interaction and reducing the width of the second order broadening 
in the central transition of half-integer quadrupolar nuclei. The second way in which high-
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field NMR allows observation of chemical shift effects in quadrupolar broadened powder 
patterns is due to the high field. A higher magnetic field causes greater separation between 
spectral features due to chemical shifts, and reduces second order broadening, hence 
allowing features that would normally overlap to be identified. 
When NMR data are reported in terms of chemical shift, frequency units are not 
used because different spectrometers operate at different BQ fields, and the resonance 
frequency varies with the field strength. The position of the resonance signal is therefore 
measured relative to that of a reference compound or standard. In ^^Si NMR, for example, 
the standard is usually TMS (tetramethyl silane). The chemical shift is expressed as a 
dimensionless quantity, 5, which is defined in equation (11.14) below, where Vq is the 
operating frequency of the spectrometer [43]. The units used on the 5 scale are parts per 
^sample " ^reference 
5 = (11.14) 
Vq 
million. Measured this way, S will be the same for a given nucleus in a given electronic 
environment regardless of the field strength and operating frequency used in the NMR 
spectrometer. 
Chemical shift measurements for quadrupolar nuclei (those having I > 1/2) can be 
complicated by the second order quadrupolar shift. The second order quadrupolar shift has 
the effect of changing the center of gravity of the powder pattern of the central 1/2 o -1/2 
transition (in a half-integer quadrupolar nucleus) so that it no longer coincides with the 
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frequency containing the isotropic chemical shift (V2 in Figure H. 10). If both e^qQ/h and 
T) are known, the quadrupole shift, CTgg, can be calculated by 
2 2 
%= ^ X 10^ (1 +f ) ^2 (11.15) 
where Vq is the resonance frequency and Vq is the spacing, in frequency, between 
corresponding satellite transitions. If e^qQ/h and T) are not known accurately, an upper 
limit for can be calculated by taking 85% of the MASS linewidth at half height. This 
estimate is most accurate for linewidths dominated by the quadrupole interaction [31]. 
c. Dipolar coupling. In addition to the magnetic field arising from the chemical 
shift interaction, a nucleus also experiences a magnetic field due to the presence of other 
magnetic nuclei (those with 1^0) [36]. This is a "through space" interaction, the strength 
of which is dependent on the direction from and distance of the other nuclei. The shift in 
the resonance frequency of a nucleus in the presence of another nuclear magnetic dipole 
is given by 
A(o = c(l - 3cos^(8))/r^ (11.16) 
where 0 is the angle between the static Bq field direction and the line connecting the 
interacting nuclei, r is the internuclear distance, and c is a constant which is proportional 
to the magnitudes of the magnetic moments of the interacting nuclei, making coupling 
strongest between high y nuclei [35]. 
The magnitude of the dipolar interaction between two adjacent nuclei can be 
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calculated by 
12^/^1= YiYah (11.17) 
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where t^2 is the distance of separation between the two nuclei [33]. 
In the absence of other interactions, the dipolar interaction between isolated pairs 
of spins can provide a sensitive measure of internuclear distances. However, in a powdered 
(solid) sample containing many interacting dipoles, many different resonance frequencies 
are detected, reflecting the powder average of the angular distribution (l-3cos^(0)) and the 
sum of all pairs i,j with internuclear distance r^. The spectrum due to dipolar interactions 
alone is therefore broad and featureless, as shown in Figure H. 11 [36]. 
d. Scalar coupling. Scalar coupling (also called spin-spin coupling, J coupling, or 
indirect coupling) results from the magnetic interaction between magnetic nuclei (having 
1^0) transmitted through the bonding electrons of a molecule (i.e., through the portion of 
the electronic cloud that touches both of the interacting nuclei). This is a dipolar 
interaction, and its spatial dependence is exactly the same as for the classical dipolar 
interaction between two nuclei. The magnitude, however, is quite different. It is 
independent of magnetic field strength, it generally decreases as the number of bonds 
separating the coupled nuclei increases, and it depends explicitly on the nature of these 
intervening bonds. In similar bonding environments, it is proportional to the product of the 
magnetogyric ratio of the coupled nuclei [35]. 
This "through bond" interaction between nuclei can perturb the basic resonance 
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Figure 11.11. Spectrum due to dipolar interactions alone [36] 
Table 11.2: Multiplicity and relative intensities of splittings 
for a I = 1/2 nucleus due to scalar coupling [35] 
n multiplicity relative line intensities 
0 1 singlet 1 
1 2 doublet 1 : 1 
2 3 triplet 1 : 2 : 1  
3 4 quartet 1 : 3 : 3 : 1  
4 5 quintet 1 : 4 : 6 : 4 :  
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frequency of a nucleus, giving rise to multiplet splittings in the NMR spectra [35]. The 
NMR signal of a nucleus which is coupled to n equivalent nuclei with spin I is split into 
(2nl +1) lines. The splittings and intensities for an I = 1/2 nucleus are given in Table II.2 
[35]. The intensity ratios are given by the binomial coefficients of order n-1. If the 
nucleus is coupled to n equivalent nuclei with I > 1/2, the intensity distribution of the lines 
is more complex. 
3. Relaxation in solids 
When a magnetic field BQ is applied to a sample, the population of spins in the 
allowed energy states is governed by the Boltzmann distribution: 
N= exp(-pBQ/kT) (11.18) 
where N_ is the spin population in the lower energy state, N_^ is the population of spins in 
the high energy state, and k is the Boltzmann constant. At equilibrium, there will be more 
spins aligned with the field than against it, and this results in a slight magnetization, MQ, 
of the sample in the direction of the magnetic field. Magnetization in the same direction 
as the applied field Bq is called longitudinal magnetization. 
If a transverse Bj field is then applied to the sample and the resonance condition 
is met (i.e., a pulse), a redistribution of spins occurs among the allowed energy states, 
giving rise to a non-equilibrium situation. After Bj is removed, in many cases the system 
returns to the equilibrium Boltzmann distribution appropriate to BQ by a first-order 
(exponential) process with a time constant Tj, the longitudinal relaxation time: 
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n = nQexp(-Tj/t) (11.19) 
where n is the population difference between the high and low energy states following a 
pulse, and Hq is the equilibrium population difference. T^, then, is a measure of the time 
required for the spin populations to return to their equilibrium values and for the sample 
to recover its equilibrium magnetization in the longitudinal (z) direction. This longitudinal 
relaxation is accomplished by a transfer of energy from the spin system to its surroundings, 
and is often called spin-lattice relaxation. 
TI determines how often one can expose the spin system to a sequence of one or 
more r.f. pulses for the purpose of signal averaging. If a pulse is applied and a second 
pulse follows before the longitudinal magnetization has recovered, the signal intensity in 
the direction of detection will be diminished. In order to obtain meaningful results, it is 
generally recommended that a delay of at least STj is allowed between pulse sequences, 
during which time the magnetization can recover to over 99% of its equilibrium value. 
Another type of relaxation is the transverse, or spin-spin, relaxation, characterized 
by the experimentally determined time constant T2*. T2* is a measure of how rapidly the 
X and y components of the magnetization recover their equilibrium values after a 
disturbance, and is related to the theoretical time constant T2 by 
I/T2* = l/Tg + yABq (11.20) 
The better the magnetic field homogeneity, the smaller ABQ becomes, and the closer T2* 
is to T2 [34]. The effect of field inhomogeneity is that the spins begin to dephase in the 
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x-y plane, as shown in Figure 11.12. T2* determines the decay time of a spin system after 
a single pulse (see Figure II.7), and the spectral linewidth observed in the frequency 
domain is approximately (71X2*)"^ [33]. 
In liquids, = T2*, but in solids, these two time constants can vary widely. In 
solids, Tj » T2*, and can be as large as several minutes or more, while T2* can be 
as small as a few microseconds. This small value for T2* results in linewidths in solids 
as wide as tens of kHz. Figure 11.13 shows the recovery of the magnetization after a jt/2 
pulse. 
Figure 11.12. Effect of field inhomogeneity on spins 
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decaying signal no signal 
Figure H. 13. Recovery of magnetization after a Jc/2)^ pulse 
4. NMR of quadrupolar nuclei 
a. Pulse sequences. The simplest pulse NMR experiment utilizes a single 7t/2 
pulse, shown schematically in Figure 11.14, in which the pulse is followed by immediate 
acquisition of the FID. The major drawback in this type of scheme is receiver deadtime. 
The receiver used in an NMR spectrometer is designed to handle signals in the nanowatt 
range, and it takes some time for the receiver to recover from the pulse, which is often in 
the kilowatt range. The time during which the receiver is recovering is called deadtime, 
and during this time, the receiver is blind to any signal, including that coming from the 
sample. This loss of the beginning of the FID can be a serious problem, especially in a 
sample containing nuclei in sites with different relaxation times. In the case of those nuclei 
with very fast relaxation times, much of the signal will be lost along with the beginning 
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tc/2)x 
Figure 11.14. ji/2 pulse with acquisition immediately following 
of the FID, while for nuclei with longer relaxation times, almost the entire signal will be 
acquired. In terms of quantitative work, this means that it will appear that one has more 
nuclei in sites with longer relaxation times than actually occur in the sample, as much of 
the signal of the nuclei in sites with shorter relaxation times has been lost. 
A way around this problem has been to use echo sequences, the most famous of 
which is probably the Hahn echo [44]. This sequence, shown in Figure 11.15(a), not only 
solves the problem of deadtime, but also has the advantage of removing the effects of field 
inhomogeneity. In this sequence, a 7t/2 pulse is applied in the x direction. At a time x 
41 
Figure 11.15. (a) Hahn echo 
(b) Behavior of spins during Hahn echo sequence 
42 
later a k pulse is applied in the y direction. At time 2x from the first pulse, an echo 
appears, and data acquisition begins at the peak of the echo. Figure 11.15(b) shows what 
happens to the spins as the sequence is run, and how the echo is formed. 
Unfortunately, in solids it is difficult to form Hahn echoes [34]. There are, 
however, echo sequences designed specifically for solids, although they may not be 
described classically, as the Hahn echo may. One such sequence is the solid echo 
sequence, shown in Figure n.16. In this sequence, x must be less than T2, and if x « T2, 
the trailing half of the echo is equivalent to the FID [45]. This kind of sequence has the 
advantage of overcoming the deadtime problem, and can be very useful in determining the 
Figure 11.16. Solid echo sequence 
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shape of the FID, especially in I = 1/2 nuclei. In quadrupolar nuclei, however, echo 
sequences tend to distort the lineshape [46] due to the fact that different sites have different 
quadrupole interaction parameters [47]. This makes accurate quantitative determinations 
impossible. In addition, the large tip angles used in most echo sequences (90 to 180 
degrees) tend to irradiate more than just the central transition, making quantitative 
interpretations of the lineshape difficult. It has been suggested [47,48] that very short 
pulses, resulting in short tip angles, give a much less distorted lineshape in quadrupolar 
nuclei. In order to obtain a signal of maximum intensity in a quadrupolar nucleus, Fenzke 
et al. [48] suggest a pulse width of 
tp = t9o/(I+l/2) (11.21) 
where t^Q is the width of a 90° pulse tuned on the sample in a liquid (i.e., in the absence 
of quadrupolar splitting). 
b. Satellite transitions in quadrupolar nuclei. In performing quantitative 
determinations on the NMR spectra of quadrupolar nuclei (such as determining relative 
fractions of three- and four-coordinated borons) it is important to know whether on is 
observing the NMR response of the central transition alone, or a superposition of the 
central transition and external transition responses (i.e., 3/2 —> 1/2 or -1/2 —> -3/2). 
Although the use of very short pulses is the key to selectively exciting only the 
central transition [47,48], it is still useful to know at what frequencies the lines arising from 
the satellite transitions will be found. As long as these frequencies fall well outside of the 
region in which quantitative determinations are being made, contributions due to external 
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transitions will not be included in the calculations. 
In a polycrystalline sample, the satellite resonance peaks will appear at [49]: 
v(m—>m-l) = Vq - l4vQ(2m-l) - (Vq^/16Vq) x [3m(m-l) -1(1+1) + 3/2] (11.22) 
for m^Vi 
In addition, the width, or splitting, of the central transition, Av, is inversely proportional 
to the Zeeman frequency, Vq, and is given by [49]: 
Av = 25Vq^ [1(1+1) - 3/4] (11.23) 
144vQ 
In these equations, I = the nuclear spin, m = the specific spin state, and 
Vq = 3e^qQ/2I(2I-l)h. Vq is the spacing between pairs of corresponding satellites, and is 
a measure of the strength of the quadrupolar interaction. If Vq is accurately known, the 
positions (in frequency) of the peaks of the satellite transitions can be calculated. If Vq 
is not known, the frequencies of the satellite transitions can be calculated by measuring Av 
from the spectrum. Equation (11.23) can then be used to calculate Vq, which can in turn 
be used in equation (11.22) to obtain an estimate of v(m->m-l) for each of the external 
transitions expected. 
45 
B. Review of NMR Studies of M2X + B2X3 Glasses 
1. Boron NMR 
The majority of NMR studies of M2X + B2X3 (M = alkali, X = O, S) glasses have 
made use of the boron nucleus, which has two magnetically active isotopes: ^®B, with a 
spin of 3 and a natural abundance of 18.83%, and ^^B, with a spin of 3/2 and a natural 
abundance of 81.17%. Before 1978, NMR studies of the structure of borate glasses made 
almost exclusive use of the central transition (1/2 —> -1/2) of the isotope. ^^B has 
been shown to be very useful in determining the relative fractions of three- and four-
coordinated borons present in a glass [4,5,7,10,50-53]. In 1978, Jellison and Bray [8] 
showed that ^®B NMR spectra are more sensitive to different structural groups than 
spectra, and also found that although the ^®B nucleus is less abundant in nature, it offers 
three distinct advantages over the observation of the central transition of the ^ % nucleus: 
First, dipolar broadening is smaller in the ^®B spectra, and this allows better resolution of 
spectral features. Second, the distribution of quadrupole coupling constants (Q^g) can be 
obtained directly from part of the ^®B spectrum, and third, another part of the ^®B 
spectrum is insensitive to the distribution of but is sensitive to the asymmetry 
parameter distribution. Knowledge of and r\ allows interpretation of the spectra 
in terms of arrangements of atoms and bonding between atoms. Relative abundances of 
various structural groupings can also be determined. 
a. NMR studies. The structures of alkali borate glasses have been studied 
extensively using NMR of [4,6-8,52,54,55]. The first NMR study of a borate 
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glass was performed by Silver and Bray [4] in 1958. They studied a series of Na20 + 
B2O3 glasses in the range 0 < xNa20 < 0.33, and found that at 0 and 1% Na20 the spectra 
were almost identical, but at 2% Na20, a narrow line appeared at the resonance frequency, 
and its intensity increased with increasing Na20. This line was attributed to a four-
coordinated boron with tetrahedral symmetry, a structure not seen in pure B2O3. In a later 
study [5], the relative intensities of the NMR lines arising from trigonally and tetrahedrally 
coordinated borons were measured to determine the relative fractions of each site present. 
In still later studies [50,52] this was done by integrating the derivative spectrum and then 
taking the areas under the resulting absorption curves as shown in Figure 11.17. It was 
concluded that for compositions containing up to 30 mol% Na20, each additional oxide 
anion, 0~, from Na20 converted two boron atoms from trigonal to tetrahedral coordination. 
The equation that describes this behavior is N4 = x/(l-x), where x is the mole fraction of 
alkali. Beyond 30 mol% Na20, however, it was observed that the formation of tetrahedral 
borons decreases with added Na20 until the tetrahedral boron fraction reaches zero at -70 
mol%. The maximum fraction of tetrahedral borons in alkali borates is found at x = 0.33 
(33.3 moI% M2O) in the crystalline diborate compound that forms at this composition. 
This compound contains 50% trigonal and 50% tetrahedral borons [11]. This observation 
is in agreement with the x/(l-x) model, in which N4 = 0.5 when x = 0.33. 
Similar behavior is observed in lithium [5,6] and potassium, rubidium, and cesium 
[5] borate glasses in the low alkali region, and also in Ag20 + B2O3 glasses [56]. For the 
Li20 + B2O3 glasses, which, like the Na20 + B^Cy glasses can be formed above 30 mol% 
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Figure 11.17. Graphical method for determining from NMR spectrum 
alkali, the numbers of four-coordinated borons are found to decrease with alkali content 
after a maximum is observed at -40 mol%. Figure 11.18 shows some of the results of these 
studies obtained to date using NMR on various alkali borate glasses. 
The fraction of three-coordinated borons converted to four-coordinated borons as 
alkali content is increased does not follow an x/(l-x) relationship in all borate glasses, 
however. Conversion factors can be studied by plotting vs. x/(l-x); if the conversion 
factor is constant over a given region of composition (of x/(l-x)), then the values of 
should fall on a straight line in that region [57], an x/(l-x) model giving a conversion 
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Figure 11.18. N4 vs. mole fraction of alkali oxide for various alkali oxide 
glass systems [5,6] 
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factor of 2 borons converted from trigonal to tetrahedral coordination per added alkali 
oxide unit. Greenblatt and Bray [6], for example, have shown that three composition 
regions with different conversion factors can be identified in PbO + B2O3 glasses 
containing 20-75 mol% PbO, although due to uncertainties in the fit of the straight line 
segments, no equations representing conversion factors were given. Baugher and Bray [57] 
have also identified three composition regions having different boron conversion factors for 
TI2O + B2O3 glasses containing 5-80 mol% TI2O. For these glasses, in the lowest TI2O 
region (0-25% TI2O), each TI2O unit converts approximately three borons from three- to 
four-coordination. In the region from 25-65% TI2O the conversion factor changes to two, 
the same conversion seen in the alkali borates (and following x/(l-x) behavior). Not 
enough data were available to determine a conversion factor for the high alkali region, but 
N4 does begin to decrease in this region, as it does in the alkali borates. 
Zhong and Bray [55] have shown that N4 in alkali borates depends strongly on the 
particular alkali ion present in the glass, decreasing at a given composition as the size of 
the alkali ion increases. They suggest that this dependence is due to two competing 
processes, both of which make use of the alkali ion: (1) the formation of four-coordinated 
borons with adjacent alkali ions, and (2) the formation of negative non-bridging oxygens 
on BO3 units, also with adjacent alkali ions. As the size of the alkali ion in question 
increases, the separation between the positive alkali ion and the negative BO4 unit (in the 
case of four-coordinated borons) or the negative oxygen (in the case of three-coordinated 
borons with a non-bridging oxygen) increases, thus decreasing the Coulombic potential 
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energy of the pair. The separation between the alkali ion and the BO4 unit increases much 
more than the separation between the alkali ion and the negatively charged oxygen, and so 
as the size of the alkali ion increases, the three-coordinated boron with a non-bridging 
oxygen becomes the lower energy and therefore favored configuration. 
Zhong and Bray [55] have also studied mixed alkali borate glasses containing 1^2^ 
combined with Na20, K2O, Rb20, and CS2O. In every case, they found that the measured 
value of N4 for each mixed alkali sample was less than the value one would expect from 
taking the average of the N4 values found for each single alkali borate glass, and in some 
cases it was found to be less than either of the N4 values of the relevant single alkali 
glasses. 
In contrast to the alkali borate glasses, very little ^ % NMR has been done on the 
alkali thioborates. Suh et al. [25] and Zhang et al. [58] have studied Li2S + glasses 
in the region of 50-75 mol% Li2S (this appears to be the only composition region in this 
system in which the glasses do not phase separate), and observed similar trends to those 
seen in the high alkali regions studied in alkali borate glasses—a decreasing number of four-
coordinated borons with added alkali. Hintenlang and Bray [59] have also reported that 
the fractions of four-coordinated borons for a given Li2S + composition are higher 
than those in the corresponding oxide system Li20 + B2O3. Eckert et al. [60] have 
examined the TI2S + B2S3 glasses and found that the fraction of four-coordinated borons 
increases up to about 35 mol% TI2S, and then decreases to zero at 75 mol% TI2S. 
Only one ^ % NMR study of glasses in the system Na2S 4- has been reported. 
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Zahir et al. [26] report that, as with the oxides, the number of four-coordinated borons in 
the low alkali region increases with alkali content and that there appear to be more four-
coordinated borons for a given composition than there are in the corresponding oxide 
glasses. Only three compositions were examined, and these were prepared using 
commercially available B^Sg, which has been shown [16] to be of questionable purity. 
Figure 11.19 shows the values of from NMR data of the thioborate glasses studied 
to date. 
The area under the narrow four-coordinated boron response compared to that of the 
entire ^ 'b NMR spectrum is not the only parameter sensitive to composition. It has been 
observed [5] that the measured linewidth of this response increases with increased alkali 
oxide concentrations, but reaches a constant value around 35 to 45 mol% alkali oxide. This 
behavior is consistent with the presence of two or more different types of four-coordinated 
boron sites. These sites give rise to resonances of widths different enough to broaden the 
composite response, but not different enough to be resolved individually. At high alkali 
concentrations, the grouping yielding the broader line was found to be the dominant. 
b. NMR studies. Jellison and Bray [8,61] have used ^^B NMR to study the 
sodium borate glasses, Na20 + B2O3. Making use of experimentally determined values 
of the quadrupole coupling constant and the asymmetry parameter T], they were able 
to identify five different boron sites and calculate weight fractions for each site for several 
composition ranges. 
Jellison and Bray [8,61] fitted calculated spectra to their experimental spectra and 
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Table II.3: Experimental values of and T| for the five sites observed by NMR 
of sodium borate glasses [8,61] 
Site Qcc n 
1 0.8 0.5 
2 1.5 0.0 
3 5.37 to 5.51= 0.12 
4 5.37 to 5.51= 0.26 
5 5.37 to 5.51^ 0.08 
\alues varied with composition, generally increasing as amount 
of alkali was increased. 
found that five different boron sites were required to fit the experimental spectra. Table 
II.3 shows the experimental values of and T) for these sites. Two of the sites have low 
values of (0.2 to 1 MHz) and the other three sites have higher values (5.4 to 
5.5 MHz) and low values of Tj. The differences in and Tj for the various sites can be 
explained by looking at the differences in electronic distribution for three- and four-
coordinated borons. In four-coordinated borons, the electronic distribution is almost 
tetrahedrally symmetric, leading to a weak quadrupole interaction (and thus a low value for 
Q^g). Therefore the two sites having low values (sites 1 and 2) are assigned to four-
coordinated borons. In three-coordinated borons, the electronic distribution is almost 
axially symmetric when all oxygens are bridging, yielding a larger but a smaller r]. 
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Thus the other three sites (sites 3, 4, and 5) can be assigned to three-coordinated borons. 
If the types of units to which a BO3 or BO4 unit is bonded are examined, one can 
see finer differences in the electronic structure that allow more accurate site assignments. 
Four-coordinated borons can exist in two possible sites: BO4 units connected to all BO3 
units and BO4 units connected to a mixture of BO3 and BO4 units (BO4 units connected 
to all BO4 units have never been observed in crystalline sodium borates, and therefore, 
according to Krogh-Moe's model [20], should not be present in glassy sodium borates). 
For three-coordinated borons there are three possible sites: BO3 units connected to all BO3 
units, all BO4 units, or a mixture of BO3 and BO4 units. 
Jellison and Bray [8,61] state that if the hybridization of the boron atom involved 
in each case is then examined, we can account for the differences seen in T|, the asymmetry 
parameter. Boron in a trigonal planar BO3 unit is sp^ hybridized and therefore B-0 bonds 
may show some 7t-character. Boron in tetrahedral BO4 units, however, is sp^ hybridized, 
and these B-0 bonds will not show any 7c-character. Jellison and Bray [8,61] conclude 
from this that a BO3 unit bonded to both BO3 and BO4 units will have a higher r\ than a 
BO3 unit bonded to all BO3 or all BO4, and this case can be assigned to site 4. Using 
similar reasoning, they also conclude that for the four-coordinated borons, site 1 should 
arise from BO4 units connected to all BO3 units, and site 2 from BO4 units connected to 
a mixture of units. 
For pure B2O3, a site having the same parameters as site 3 is the only site observed 
[62], and site 3 can therefore be assigned to BO3 units connected to all BO3 units. This 
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leaves site 5 to be assigned to BO3 units connected to all BO4 units. All five sites have 
now been identified in terms of their short range order. 
If the types of borate units found in sodium borate glasses are now examined in 
terms of these five sites, it is possible to gain information about the intermediate range 
order of these glasses. Krogh-Moe's interpretation of IR data on sodium borate glasses 
[20] suggests that the glasses consist of four structural groups: the boroxol, triborate, 
pentaborate, and diborate groups (see Figure 11.20). In addition, a tetraborate unit forms 
when one oxygen in the triborate BO4 unit bonds to a BO3 in the pentaborate group. In 
assigning sites to these groups, the following additional facts were used: 
1) for glasses containing less than 20 mol% Na20, the 
addition of one molecule of Na20 to B^C^ causes the 
formation of a tetraborate group [8,61]. 
2) for glasses containing between 20 and 33.3 mol% Na20, 
diborate groups will increase at the expense of tetra­
borate groups [8,61]. 
Sites 1 and 2 (BO4 sites) can only come from tetraborate and diborate groups, as 
these are the only groups containing four-coordinated borons. Site 1, which is a BO4 
connected to all BO3 units can only arise from tetraborate groups. Site 2, a BO4 unit 
connected to a mixture of BO3 and BO4 units could come from diborates or tetraborates 
(if two tetraborates were connected by BO4 units). The latter case is not seen in crystalline 
sodium tetraborates, and so site 2 is assumed to be due to BO4 units in the diborate group. 
boroxol pentaborate 
0= 0  
diborate triborate 
Figure n.20. Structural groups found in alkali borate crystals and glasses 
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Site 3, as stated above, is due to BO3 units in boroxol groups. The fact that 
T] ît 0 can be explained because the three oxygens surrounding the boron atom are not quite 
equivalent: two are in the ring itself, and one is outside the ring (see Figure 11.21). 
For site 4, T| = 0.26. ^ % spectra of crystalline sodium tetraborate yield T| = 0.27 
for BO3 units in tetraborate groups. This site could also be due to boroxol or diborate 
groups, as it is not known how the groups are connected to each other. It is assumed that 
the BO3 units in tetraborate groups are the only contributors to this site. Site 5 is then 
assigned to BO3 units in diborate groups. Table II.4 shows a summary of the final site 
assignments. 
Determinations of site fractions were also made by comparing simulated spectra to 
experimental spectra. Equations for site fractions in various compositional ranges were 
developed, and the calculated values for N3 and N4 agreed favorably with those obtained 
from ^^B spectra. In both site assignment and site fraction determinations, several 
assumptions were made: 
1) "loose" BO4 and BO3 units were neglected 
2) borate groups other than those mentioned were ignored 
3) pentaborate and triborate groups occur in pairs (tetraborate units) 
4) site 2 consists entirely of BO4 units in diborate groups 
5) site 4 consists entirely of BO3 units in tetraborate groups 
6) 
7) T^ = T^/3 
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• = boron 
O = oxygen in boroxol ring 
# = oxygen outside of boroxol ring 
Figure 11.21. Boroxol ring showing non-equivalency of oxygens 
Table n.4: Final site assignments [61] 
Site Unit Symbol Coordination 
1 tetraborate T^ 4 
2 diborate 4 
3 boroxol 3 
4 tetraborate T^ 3 
5 diborate 3 
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The results obtained from this analysis are discussed in detail in references 8 and 
59. The authors state that the results are highly dependent on assumption 5, although they 
note that any major deviation from this assumption could not be very large without causing 
a disagreement in their determination of via ^ % NMR. 
2. Sodium NMR 
^^Na is readily observed via NMR, has a spin of 3/2, and is 100% abundant [63]. 
It is therefore curious that very little work has been done on NMR of ^^Na in glasses, and 
the present literature review has uncovered only one such study of alkali borate glasses, in 
which Rhee [7] looked at both and ^^Na resonances for a series of sodium borate 
glasses and for several crystalline compounds in the system. 
Rhee [7] reported that long spin-lattice relaxation times causing weak signals 
prevented the detection of ^%a resonances in the 1:3 and 1:4 Na20:B20g compounds, but 
the 1:2 compound showed two distinct lines-one narrow and one broad-arising from the 
central 1/2 —> -1/2 transition. For this compound and for all the glasses studied, peak-to-
peak linewidths were found to decrease with increasing spectrometer frequency (v^). This 
effect was observed in both ^^Na and experiments. 
Using the data obtained by varying the operating frequency, Rhee calculated values 
[7] of the quadrupole coupling constant (e^qQ/h) and 2a (the dipolar linewidth) using the 
equations of Casabella [64]. Table n.5 shows the results. The data indicate that at 
least two different sodium sites exist in the glasses. One site has e^qQ/h ~ 1.05 MHz 
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Table n.5: Quadrupolar coupling constants and dipolar 
linewidths determined by ^%a NMR of Na20+B203 
glasses [7] 
mol% Na20 Qgg (MHz) 2a (kHz) 
10 0.77 ± 0.10 1.1 ±0.30 
15 0.80 ± 0.10 1.2 ± 0.30 
20 0.81 ± 0.10 1.3 ± 0.30 
25 0.96 ±0.10 2.2 ± 0.30 
30 1.00 ±0.10 2.6 ± 0.30 
35 1.06 ±0.10 3.2 ± 0.30 
40 1.03 ± 0.10 3.0 ± 0.30 
Na20:2B202 
broad line 1.28 ± 0.03 2.4 ± 0.8 
narrow line 0.60 ± 0.02 5.3 ± 0.2 
(similar to one of the sites in the 1:2 compound) and the other site has e^qQ/h - 0.80 
MHz. The changes in quadrupole coupling constant and dipolar linewidth with 
composition are similar to those observed in NMR for the BO4 units. 
Oestrike et al. [65] have observed that there are systematic correlations between 
^^Na chemical shifts and glass compositions, and speculate that NMR spectra could 
be a useful tool in understanding the structures of sodium-containing glasses. However, 
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since no systematic study of the causes of chemical shift variations in model crystalline 
compounds exists, there is no basis for spectral interpretation of ^^Na chemical shifts. 
^^Na NMR can also be utilized in dynamic studies. Zahir et al. [26] have 
performed ^^Na NMR on sodium thioborates, and concluded that the mobility of the Na"*" 
ions is too low to be detected by NMR in these materials. Only three compositions were 
studied, all in the low alkali region. 
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III. OBJECTIVES 
A. Goals of Study 
The goal of this study is to gain an understanding of what influence structure at the 
short and intermediate range order has on the physical properties of alkali thioborate 
glasses. 
The systems to be studied are Li2S + B^Sg, Na2S + and K2S + B^Sg. 
Various NMR techniques will be used to study the structures of glasses in these systems. 
It is hoped that a fairly detailed structural map will result for these glasses. This will allow 
a comparison between the alkali thioborates and alkali borates, and will hopefully make it 
possible to identify the reason (in terms of structure) for the contrasting behavior of the 
glass transition temperatures observed in the two systems (sodium borate vs. sodium 
thioborate). 
This goal is to be accomplished by focusing on the following tasks: (1) determining 
whether the SRO in alkali thioborate glass systems is comparable to that seen in alkali 
borate glass systems, (2) examining the structural units present in the crystalline compounds 
of the alkali thioborate systems, and based on the results of these tasks, (3) proposing 
structural units in the intermediate range order for the alkali thioborates that may account 
for the differences observed in the physical properties of the alkali borates versus the alkali 
thioborates. 
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B. Hypotheses 
In the interest of meeting the goals set forth, several hypotheses were formulated 
to guide the research. 
First, it is expected that the structural units in the alkali thioborate glasses will be 
found to be similar to those seen in the alkali borate glasses. This assumption is based on 
the fact that the behavior of the crystalline forms found in the Na2S + system 
parallels the behavior of those found in the Na20 + system [19], and Krogh-Moe's 
theory [20] suggests that structural groupings found in the crystalline compounds of a 
system should also be present in glasses formed in that system. This idea is further 
supported by infra-red spectra [1], which have revealed that the short range order of the 
alkali thioborate glasses is similar to that of the alkali borate glasses. 
Second, since the glass transition temperatures in the systems Na20 + B2O3 and 
Na2S + B2S3 exhibit such different behavior, it is hypothesized that some kind of structural 
difference exists that could account for this will be observed. The lower Tg's in the 
thioborate system are indicative of a less "polymerized" structure. In order to be in 
agreement with the IR findings (similar SRO's), one would have to assume that the basic 
structural units (three- and four-coordinated borons) are similar in the two systems, but that 
these basic structural units are joined together in different ways. There is already some 
evidence for this in the crystal structure of B2S3, which contains four-membered rings, a 
structure not seen in alkali borates. 
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C. Design of Experiments 
Nuclear magnetic resonance has been shown to be a powerful tool in examining 
glass structure, and so this project utilizes various NMR techniques to study structure in 
alkali thioborate glasses. 
The workhorse of this study will be ^ % NMR, which will shed light on the SRO 
of the alkali thioborate glass systems by quantifying fractions of trigonal and tetrahedral 
boron sites present. High field MASS NMR may allow the resolution of chemical 
shift effects in the spectra of the glasses, thus it may be possible to resolve boron sites that 
differ from one another in more subtle ways than those observable from the static spectra. 
NMR experiments may be able to resolve as yet undetected boron sites in the 
alkali thioborate glasses, perhaps allowing finer distinctions to be made between the sites 
found using ^ % NMR. MASS NMR experiments utilizing the ^^Na and nuclei may 
also help in elucidating the structure if chemical shift effects are studied. 
65 
IV. MATERIALS AND METHODS 
A. Preparation of Vitreous B2S3 
As high purity B2S3 was unavailable commercially, the used in these 
experiments was synthesized using the procedure developed by Martin and Bloyer [16] and 
Bloyer [66]. This process involves reacting stoichiometric amounts of elemental boron and 
sulfur under vacuum in sealed, carbon coated silica tubes. 
Tube preparation is a critical factor in keeping the free from contamination. 
The tube preparation procedure begins with four foot lengths of quartz (fused silica) tubing 
having 8 mm i.d., 10 mm o.d. These lengths are broken in half and each half is necked 
down in the middle over an oxygen torch to form four tubes of about one foot in length, 
each sealed at one end. These tubes are rinsed with acetone and placed in a drying oven. 
The next step is to carborize the tube, a procedure in which a thin layer of carbon 
is deposited on the inside surface of the tube. This prevents the reaction + Si02 —> 
B2O3 + SiS2 from occurring. The tubes are placed in an 850°C tube furnace with the open 
end of each tube sticking out (see Figure FV.l). A glass tube is inserted in the open end 
of each tube, through which is pumped nitrogen which has been bubbled through acetone. 
The acetone vapor decomposes inside the tubes, and over a period of 5.5 hours, deposits 
a thin layer of carbon on the inside surface of each tube. When carborization is complete, 
the tubes are rinsed with acetone and any excess carbon coating near the tube opening is 
burned off using an oxygen torch. Each tube is then connected to a valve assembly, as 
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Figure IV. 1. Tube carborization apparatus 
shown in Figure IV.2, and evacuated using a roughing pump and liquid nitrogen trap. An 
oxygen torch is run over the surface of the tube during evacuation to drive off any water. 
The tube can then be taken into the glove box (He atmosphere, ppm levels of O2 and H2O) 
for loading. 
The boron powder (Cerac, 99.9%, 3 pm particle size) is sintered at 900°C for 10 
minutes in the glove box. This increases the particle size, thereby decreasing the reactivity 
rate and minimizing the risk of explosion. The sulfur (Cerac, 99.999%, 5 mm chunks) is 
ground into a fine powder using an agate mortar and pestle. Chunks are used as starting 
material because they tend to have higher purity than fine powders. 
A four-gram batch of vitreous B2S3 is prepared by mixing 0.734 grams of sintered 
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valve 
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Figure IV.2. Valve assembly used to seal tubes from outside environment 
boron powder with 3.266 grams of sulfur powder. Larger batches result in tube explosions, 
making scale-up of the process difficult. The powders are mixed well and loaded into the 
prepared silica tube, which is then reconnected to the valve assembly, which isolates the 
tube environment. The tube can then be brought out of the glove box. 
Evacuation of the loaded tube is accomplished with a roughing pump and a liquid 
nitrogen trap, allowing for a vacuum of about 120 mTorr. Sealing is accomplished by 
heating the tube near to the valve assembly with an oxygen torch and spinning the tube 
around to allow uniform collapse of the tube walls. 
Once the tube is sealed it is placed in a rotating tube holder in a SiC tube furnace. 
The tube holder turns at about 1 rpm, allowing for thorough mixing of the melt. The tube 
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Table IV. 1: Heating schedule for V-B2S3 synthesis 
Temperature Action 
300°C place tubes in furnace 
300% 400OC heat at l®/min 
400°C hold for 2 hours 
400°C -» 600"C heat at l°/min 
600% hold for 4 hours 
600"C -4 750°C heat at 2°/min 
750% hold for 1 hour 
750% ^ 850% heat at 4°/min 
850% hold for 8 hours 
room T air quench 
is heated according to the schedule shown in Table IV. 1, with a slow ramp up to 850% 
leading to an eight hour soak at this temperature. 
After the heating cycle is complete, the tube is removed from the furnace and taken 
into the glove box where it is cracked open and a rod of vitreous slides out. 
Infrared spectroscopy has shown the top part of the rod to contain B2O3, 
presumably coming from the reaction of with the exposed Si02 at the seal on top of 
the tube, the only part not coated with carbon (tubes cannot be sealed if the carbon coating 
extends all the way up — the melting point of the carbon is too high to allow softening of 
the silica). Therefore, the top quarter inch of the rod is removed and discarded. The 
remaining material is ready to be used and is generally crushed into powder using an 
impact mortar. 
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B. Preparation of Glasses in Alkali Thioborate Systems 
Glasses in the systems XM2S + (l-x)B2S3 (where M = Li, Na, and K) were 
prepared in a glove box using the method reported by Martin et al. [1]. Mixed alkali 
glasses were prepared by adding appropriate amounts of Na2S and B2S3 to K2S + 
base glasses. Appropriate amounts of V-B2S3 and Li2S (Cerac, 99.9%), Na2S (Cerac, 
99.9%), and/or K2S (Cerac, 99.9%) were mixed together (see Tables IV.2 and IV.3) and 
placed in a vitreous carbon crucible, which was weighed. The crucible was then covered 
with a vitreous carbon lid and placed in a box furnace at approximately 875°C. The 
powders were held at this temperature for fifteen minutes, and during this time the crucible 
was swirled twice to ensure a homogeneous melL The crucible was weighed again just 
before quenching to determine weight loss. Glasses were formed by pouring the melt onto 
a stainless steel quenching block. 
Ag2S + B2S3 glasses were prepared in sealed, carborized tubes to prevent 
decomposition of the Ag2S. The tubes were heated at 900°C for 1 hour, then taken into 
the glovebox where they were unloaded and the resulting crystalline material remelted in 
a vitreous carbon crucible and cast into disks. After the disks had been used for electrical 
conductivity measurements, they were crushed into powder for NMR experiments. 
B2O3 glass was prepared by melting B^C^ powder (Alfa, 99.99%) in a platinum 
crucible in air at 1100"C and holding at this temperature for one hour. Na20 + B2O3 
glasses were prepared by mixing appropriate amounts of powder and Na2C03 
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Table IV.2: Single alkali glass compositions prepared 
mol% 
alkali 
grams mol% 
B2S3 
grams mol% 
alkali 
grams mol% 
B2S3 
grams 
Li2S 65 1.260 35 1.740 K2S 0 0.000 100 3.000 
70 1.429 30 1.571 2.5 0.070 97.5 2.930 
5 0.141 95 2.859 
7.5 0.212 92.5 2.788 
NbgS 0 0.000 100 3.000 10 0.283 90 2.717 
2.5 0.051 97.5 2.949 12.5 0.354 87.5 2.646 
5 0.101 95 2.899 15 0.425 85 2.575 
7.5 0.153 92.5 2.847 20 0.569 80 2.431 
10 0.206 90 2,794 25 0.713 75 2.287 
12.5 0.260 87.5 2.740 30 0.859 70 2.141 
15 0.314 85 2.686 35 1.005 65 1.995 
20 0.426 80 2.574 40 1.153 60 1.847 
25 0.543 75 2.457 45 1.301 55 1.699 
30 0.663 70 2.337 
60 1.495 40 1.505 
65 1.655 35 1.345 Ag2S mol% mol% 
70 1.822 30 1.178 Ag2S B2S3 
75 1.996 35 1.004 
80 2.178 20 0.822 50 50 
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45 
35 
Na20 mol% grams mol% grams 
Na20 Na2C03 B2O3 B2O3 
0 0.000 100 5.000 
10 0.723 90 4.277 
20 1.378 80 3.622 
30 1.973 70 3.027 
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Table IV.3: Mixed alkali glass compositions prepared 
total mol% 
alkali 
mol% 
Na2S 1
1
 
mol% 
KgS 
grams 
KgS 
mol% 
B2S3 
grams 
B2S3 
2.5 1.25 0.024 1.25 0.036 97.5 2.940 
5 2.50 0.051 2.50 0.072 95 2.880 
7.5 3.75 0.076 3.75 0.107 92.5 2.817 
10 5.00 0.102 5.00 0.144 90 2.754 
12.5 6.25 0.127 6.25 0.180 87.5 2.693 
15 7.50 0.153 7.50 0.216 85 2.628 
20 10.00 0.207 10.00 0.294 80 2.499 
25 12.50 0.261 12.50 0.369 75 2.370 
(Fischer, 99.99%), heating in a platinum crucible in air for thirty minutes, and then 
quenching by pouring onto a graphite block. 
C. Preparation of Crystalline Compounds in Alkali Thioborate Systems 
Crystalline compounds in the systems Li2S + B2S3 and Na2S + B2S3 were prepared 
in a covered crucible in the glovebox. Appropriate amounts of V-B2S3 and Li2S or Na2S 
were mixed and placed in a furnace at 875°C and held there for fifteen minutes. During 
this time, the crucible was swirled twice to ensure a homogeneous melt. After the fifteen 
minute soak the furnace power was shut off and the melt allowed to cool slowly within the 
furnace, a process which took about three hours. Crystalline compounds in the system 
K2S + B2S3 could not be formed by furnace cooling the melt. These melts were so 
strongly glass-forming that the compounds had to be crystallized via a solid state reaction. 
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Table IV.4: Crystalline compounds prepared 
compound mol% grams mol% grams 
alkali ®2^3 
LijS 
lithium dithioborate (1:2) 33.3 0.489 66.7 2.511 
lithium metathioborate (1:1) 50 0.842 50 2.158 
lithium orthothioborate (3:1) 75 1.617 25 1.383 
Na2S 
sodium dithioborate (1:2) 
sodium metathioborate (1:1) 
sodium orthothioborate (3:1) 
33.3 0.746 66.7 2.254 
50 1.195 50 1.805 
75 1.996 25 1.004 
K2S 
potassium dithioborate (1:2) 33.3 0.955 66.7 2.045 
Appropriate amounts of V-B2S3 and K2S were placed in carborized silica tubes, which were 
evacuated and sealed as described above. The tubes were removed from the glovebox and 
placed in a box furnace at 500®C and allowed to react for three days. At the end of this 
time, the tubes were furnace cooled and taken back into the glovebox where they were 
broken open and the crystalline material within removed. Table IV.4 shows all of the 
crystalline compounds formed for this study. 
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D. NMR Experiments 
1. Sample preparation 
Due to the sensitivity of these samples to air and moisture, all sample handling and 
preparation was performed in a glovebox having ppm levels of O2 and H2O. Glassy and 
crystalline samples were crushed to fine powder using an impact mortar and loaded in 
NMR sample tubes appropriate to the particular spectrometer being used. and ^ % 
NMR samples were sealed under vacuum in 8mm i.d. x 10mm o.d. silica tubes. ^^Na and 
NMR samples were loaded in zirconia rotors for MASS NMR. 
2. NMR experiments 
^ 'b (I = 3/2) NMR spectra were recorded on a home-built phase-coherent pulsed 
NMR spectrometer with the ^ % resonance centered at 22.000 MHz, and only the central 
1/2 <-> -1/2 transition was observed. Li2S + B2S3 and Na2S + B2S3 samples were run on 
resonance and K2S + B2S3 samples were run at 22.050 MHz. The probe design utilized 
a single rf sample coil and two independently tunable rf capacitors. The capacitors were 
tuned so as to precisely match the probe to the 50£2 characteristic impedance of the 
interconnecting transmission lines [67] at 22.000 MHz. Pulse sequences were generated 
by a programmable pulse sequencer [68] employing a double sideband rf switch [69], a 
receiver similar to that described by Adduci et al. [70], with quadrature detector [71]. 
Digital data acquisition was accomplished using a HP 54504A digitizing oscilloscope 
interfaced to a DEC LSI-11/73 computer. 
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The pulse sequence used was a single 7c/8 pulse with acquisition immediately 
following. The width of a Ji/8 pulse was found to be 1.8 ps for the sulfide-based glasses, 
and 1.3 ps for the oxide-based glasses using the particular rf coil and probe Q-factors 
employed, and nominal 10^ watt peak power rf pulses. The phase of the pulse was 
alternated from 7r/8)^ to 7r/8)_^ to cancel transient noise following rf pulses which became 
apparent at lower boron concentrations. 
The pulse width suggested by Fenzke et al. [48] in equation (11.21) works out to be 
îï/4 for where I = 3/2. This is the pulse width at which one should obtain the 
maximum signal for a quadrupolar nucleus in a solid. A pulse sequence of 71/4 with 
acquisition immediately following was used in some preliminary measurements, in which 
an attempt was made to duplicate the results of Bray et al. [6] for Na20 + B2O3 glasses. 
The N4 values obtained in these measurements were found to be significantly higher than 
those obtained by Bray et al, over 50% higher in the case of x = 0.30 Na20. These high 
N4 fractions are most likely due to the fact that the length of the 7r/4 pulse is such that the 
spectral density is barely equal to the width of the spectrum, and therefore some of the 
intensity due to the trigonal borons, which will appear on the edges of the spectral density 
envelop, is lost. As pulse width is inversely proportional to the range of frequencies 
irradiated, a shorter pulse width should solve the problem, irradiating the entire spectrum, 
and so a Jt/8 pulse was used. This was done with the understanding that using a shorter 
pulse width, the signal observed will not be at maximum intensity. Since only relative 
intensities will be studied, and not absolute intensities, this is not a matter of concern 
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provided that the satellite tiwisitio/is occur sufficiently far away from the region of interest 
in the spectrum, and can be shown to make little or no contribution to the part of the 
spectrum being studied. 
The probe-system deadtime was approximately 6 ps following the r.f. pulse. In all 
cases, 500 scans were signal averaged, with a delay time of 5.0 seconds between scans for 
glassy samples, and 20.0 seconds for crystalline samples. 
Data were accumulated and processed using CALVIN, an Ames Lab proprietary 
software package developed by the Ames Lab Scientific Computing Division for the DEC 
LSI-11 computer. CALVIN is a FORTRAN program which combines data accumulation 
and data analysis functions, including digital signal processing, fast Fourier transform, and 
exponential fitting. 
3. NMR experiments 
(I = 3) NMR spectra were run on a homebuilt spectrometer similar to that used 
for the ^ % NMR experiments, but with a more powerful magnet. Spectra were run on 
resonance at 37.500 MHz using a solid echo pulse sequence (7c/2^ - x - 7c/2y - x -
acquisition). The 7r/2 pulse width was estimated to be about 18 ps. A six second delay 
between scans was utilized, and for each sample, 10,000 scans were signal averaged. Data 
accumulation and processing was performed using CALVIN. 
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4. NMR experiments 
^^Na MASS-NMR experiments were run on a Briiker MSL-300 at 79.390 MHz. 
A single 7t/2 pulse, 3 ps in length, with acquisition immediately following, was used. 
Samples were spun at 3 kHz, and 100 scans were accumulated, with a ten second delay 
between scans. Chemical shifts were measured in ppm from IM NaCl. Data were 
processed using NMRl, a commercially available software package designed specifically 
for the analysis of NMR data. 
5. NMR experiments 
MASS-NMR experiments were run on a Briiker MSL-300 at 14.024 MHz. A 
single jr/2 pulse, 6 ps in length, was used. Samples were spun at 3 kHz, and 100 scans 
were accumulated, with a ten second delay between scans. Chemical shifts were measured 
in ppm from IM KI. Data were processed using NMRl. 
E. N4 Determination 
The fraction of four-coordinated borons present in each sample was determined by 
graphically integrating the NMR absorption spectrum as described by Bray et al. [50,52]. 
In this method, N4 is determined by dividing the area of the spectrum arising from four-
coordinated borons by the area of the entire spectrum, as shown in Figure IV.3. The 
simplest way to do this is to cut out the spectra and weight the various pieces, but due to 
variations in paper thickness and difficulties in cutting precisely, this is not the most 
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Figure IV.3. Graphical method for determining from ^ % NMR spectrum 
accurate way to determine N^. 
To determine more accurately, a computer program called N4 was written in the 
C programming language (Borland's Turbo C/C++, version 1.0). N4 takes the name of an 
ASCII file containing the spectrum in the form of x,y data, and plots it on the screen. The 
program's mouse-driven drawing tools allow one to place a baseline on the spectrum, 
divide A3 (the area due to three-coordinated borons) from A4 (the area due to four-
coordinated borons), and identify parts of the spectrum as being A3 or A4. Once the areas 
of the spectrum have been identified, the program calculates N^, the fraction of four-
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coordinated borons. Source code for the N4 program can be found in Appendix A. 
N4 was used for N4 determinations on all NMR spectra. N4 was calculated 
three times for each spectrum, and the results were averaged. 
F. Linewidth Measurements 
The widths of the narrow four-coordinated boron responses were measured by 
taking the full width at half the maximum peak intensity (FWHM). Measurements were 
made in Hz using the raw data file to determine the values needed. All spectra were taken 
using a dwell time of 2 ps per division, which is equivalent to 488.28 Hz per data point. 
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V. RESULTS AND DISCUSSION 
A. The Na2S + System 
This system was chosen for study for two reasons: (1) the oxide analog system, 
Na20 + B2O3, has been well characterized, and provides a good base for comparison, and 
(2) the ease of glass formation and the large glass-forming range in this system allow for 
the first ever wide composition range study of an alkali thioborate glass system. 
1. Glass-forming range 
Glasses in the Na2S + B2S3 system were formed in two regions: a low alkali (0-30 
mol% Na2S) region, and a high alkali (60-80 mol% Na2S) region. Figure V.l compares 
this glass-forming region to that seen in the corresponding oxide system Na20 + B2O3 
[13]. Weight loss measurements were performed to ensure compositional accuracy. 
Weight loss measurements on a selection of the glasses ranged from 1.3 wt% to 4.6 wt% 
and seemed to increase through the low alkali region as the amount of Na2S present 
increased, and then dropped to about 2 wt% in the high alkali region. These results 
indicate that significant compositional changes due to volatilization of or Na2S did 
not occur during glass preparation. 
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Figure V.l. Comparison of glass-forming regions in the systems 
Na2X + B2X3 (X = O, S; oxide data from ref. [13]) 
2. ^ % NMR spectra 
The ^ % NMR spectrum of V-B2S3 is shown in Figure V.2, and is similar 
to that of V-B2S3 observed by Hintenlang and Bray [59] and Suh et al. [25]. The ^ % 
NMR spectrum of V-B2O3 performed in this study is shown in Figure V.3. The spectrum 
is similar to that of V-B2O3 as observed by Rubinstein [72]. These spectra are typical of 
samples containing only trigonal borons [59]. 
One unusual feature of these spectra is that the intensity drops to near zero at the 
22.000 MHz, the resonance frequency. Generally in samples of this type, some intensity 
81 
T T T T 
21.90 21.95 22.00 22.05 22.10 
Frequency (MHz) 
Figure V.2. NMR spectrum of vitreous B2S3 
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Figure V.3. ^ % NMR spectrum of vitreous 
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should be seen even if no tetxahedral borons are present (see, for example, the spectrum 
for X = 0.025 Na2S in Figure V.4(a)). The fact that it is not seen here indicates that 
although a fast recovery receiver system with a small deadtime was used, some of the 
signal due to the trigonal borons is being lost. This may cause some of the fractions 
observed to be artificially inflated. 
The NMR spectra of the Na2S + glasses are shown in Figure V.4. A 
narrow line at 22.000 MHz appears at 2.5% Na2S and grows in intensity as the alkali 
content increases up to 30% Na2S (Figure V.4(a) and V.4(b)). This line has been attributed 
to the presence of tetrahedrally coordinated borons [4]. This is similar behavior to that 
observed by Silver and Bray [4] for Na20 + glasses, and we have observed this 
behavior in our own Na20 + B2O3 glasses, the spectra of which are shown in Figure V.5. 
In the high alkali region of the Na2S + B^Sg glass-forming range (Figure V.4(c)), the 
narrow line is still present at 60% Na2S, but decreases in intensity with increasing alkali 
as the tetrahedral boron units are destroyed in favor of trigonally coordinated units, again 
parallelling the behavior of the alkali borates [5,6,52,55]. 
The NMR spectra of the crystalline compounds in the system are shown in 
Figure V.6(a-c). These compounds are sodium dithioborate (Na2S«2B2Sg), sodium 
metathioborate (Na2S'B2Sg), and sodium orthothioborate (3Na2S*B2Sg). 
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Figure V.4. (a) NMR spectra of low alkali xNa2S + (l-x)B2S3 glasses, 
0.025 < X < 0.125 
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Figure V.4. (b) NMR spectra of low alkali xNa2S + (l-x)B2Sg glasses, 
0.15 <x <0.30 
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Figure V.4. (c) NMR spectra of high alkali xNa2S + (l-x)B2Sg glasses, 
0.60 < X < 0.80 
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Figure V.5. NMR spectra of low alkali xNa20 + (l-x)B203 glasses, 
0.10 <x< 0.30 
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Figure V.6. (a) NMR spectrum of sodium dithioborate, Na2S*2B2S3 
metathioborate 
(NagS'BgSg) 
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Figure V.6. (b) NMR spectrum of sodium metathioborate, Na2S*B2S3 
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Figure V.6(c). NMR spectrum of sodium orthothioborate, 3Na2S*B2S3 
3. Calculation of satellite transition frequencies 
The ^ % NMR spectra for the Na2S + glasses show features indicating the 
presence of both trigonal and tetrahedral borons. As theses two sites are affected 
differently by the quadrupolar interaction, trigonal borons giving rise to a quadrupole split 
lineshape, and tetrahedral borons giving rise to a comparatively narrow line, it is evident 
that the quadrupole interaction parameters for each site must be different. Satellite 
transition frequencies, therefore, must be calculated for each of the two boron sites. 
Since quadrupole parameters are not known for these glasses, the satellite transition 
frequencies were calculated using Av measured directly from the spectra. 
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Figure V.7 shows how Avg (for trigonal borons) and AV4 (for tetrahedral borons) 
were obtained for the x = 0.05 Na2S glass. AVg values appeared to be very close for the 
entire series of glasses, and so the value obtained for the x = 0.05 glass was taken as a 
representative value. Any error introduced by doing this should be negligible compared 
to the value of VQ(trigonal). AVg was estimated at 35.160 kHz, leading to a VQ(trigonal) 
value of 1218.67 kHz - 1.22 MHz. The frequencies of the satellite transitions were found 
to be 21.390 MHz for the 3/2 —> 1/2 transition, and 22.609 MHz for the -1/2 -> -3/2 
transition. Figure V.8(a) shows these positions in relation to the observed spectrum. Note 
that the singularities shown in the figure show the positions where most of the weight of 
the powder pattern of the transition would appear. Figure V.8(b) shows, in a qualitative 
sense, the approximate shapes these powder patterns would assume. As the figure shows, 
the contribution from the satellite transitions of the trigonal boron sites is negligible, and 
should not interfere with quantitative determinations performed on the spectra. Detailed 
calculations can be found in Appendix B. 
AV4, the splitting for tetrahedral boron sites, was estimated using the average 
FWHM of the central line, as shown in Figure V.7. The average FWHM for the Na2S + 
B2S3 glasses was found to be 5.13 kHz, and these values showed little scatter, with a 
standard deviation of 0.49 kHz. This estimate is only reasonable if Av » AVjjppjjy,, and 
so it was necessary to calculate the magnitudes of both the ^%-^^Na and the 
dipolar interactions. This was done using equation (11.17). The magnitude of the 
interaction is 0.13 kHz, which is negligible when compared to the average FWHM of 
90 
jnrwmrnrynnm «n* 
21.90 22.05 22.10 22.00 21.95 
Frequency (MHz) 
Figure V.7. ^ % NMR spectrum for x = 0.05 Na2S glass showing how 
AVg and Av^ can be obtained directly from the spectrum 
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5.13 kHz. The magnitude of the interaction is 1.66 kHz. The magnitude of the 
dipolar broadening relative to the total broadening is not proportional to the dipolar 
interaction's actual contribution to the FWHM, and in this case, with a dipolar interaction 
of 1.66 kHz and a FWHM of 5.13 kHz, we can treat it as if all the broadening is 
quadrupolar [73]. The frequencies of the satellite transitions were then found to be 21.767 
MHz for the 3/2 —> 1/2 transition, and 22.233 MHz for the -1/2 -3/2 transition. These 
frequencies are also shown in Figure V.8 relative to the rest of the spectrum, these are 
somewhat closer to the region of interest, and so one must be concerned about whether or 
not they are contributing to the observed intensities. Upon examination of the shape of the 
powder patterns in Figure V.8(b), it is obvious that if the satellite transitions from the 
tetrahedral sites were contributing to the spectrum, the result would be a uniformly higher 
intensity at all frequencies, leading to an inflated fraction of tetrahedral borons, and 
therefore a lower than expected fraction of tetrahedral borons. As the following section 
will show, N4 fractions observed in this study were, in some cases, higher than those 
observed by Bray et al. [6,74], leading to the conclusion that any contribution arising from 
satellite transitions for the tetrahedral boron sites is negligible. Sample calculations ca be 
found in Appendix B. 
4. Determination of N4, the fraction of tetrahedral borons 
a. Crystalline compounds. The spectrum of sodium dithioborate is shown in Figure 
V.6(a). At this composition, the figure shows that all borons are tetrahedrally coordinated. 
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Figure V.8. (a) Satellite transition frequencies for Na2S + glasses 
(b) Approximate shape of powder pattern due to satellite transitions 
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in contrast to the diborate composition occurring in alkali borates (see Figure 11.20), in 
which half of the borons are found to be in tetrahedral coordination and the remaining half 
in trigonal coordination [12,20]. IR studies [75] confirm this finding. 
The spectrum of the metathioborate compound (Figure V.6(b)) appears to be more 
complex. The narrow peak at the resonance frequency is indicative of the presence of 
tetrahedral borons (N4 = 0.062), but the quadrupole broadened part of the lineshape arising 
from the trigonal borons suggests that perhaps several different trigonal sites exist in this 
compound. Infrared spectroscopy has shown this compound to be isostructural with the 
metaborate composition, consisting of six-membered ring units [19] (see Figure 1.3). Based 
on what is known about the metathioborate compound [19], the NMR spectrum should 
show only trigonal borons, and since these trigonal borons should all be in similar 
electronic environments, the spectrum should exhibit a higher signal-to-noise ratio than 
what is seen in Figure V.6(b). Although most of the borons in this material are trigonal, 
it is likely that the material thought to be crystalline sodium metathioborate was actually 
a mixture of crystalline and glassy phases, which would account for both the presence of 
tetrahedral borons and for the richer structure that the NMR spectrum seems to 
suggest. 
At the orthothioborate composition. Figure V.6(c) shows that the borons are 
trigonally coordinated, in agreement with IR spectra [19]. For the crystal of this 
composition, all of the borons are in orthothioborate groups, consisting of a trigonal planar 
BS3 anion with alkali cations terminating the B-S bonds. The minimal narrow response 
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at the resonance frequency indicates the presence of a small fraction of tetrahedral borons 
(N4 = 0.05), and could indicate that the crystalline phase is not pure, possibly containing 
small amounts of a glassy phase containing tetrahedral borons. 
The crystals of the sodium thioborate system show similarities and differences to 
their oxide analog counterparts. While the orthothioborate structure appears to be 
isostructural with the orthoborate structure, the dithioborate structure is quite different from 
the diborate structure. Although the ^ % NMR spectrum of the metathioborate compound 
is not of particularly high quality, it does indicate that the majority of the borons are in 
trigonal coordination, as they are in the metaborate compound. IR spectra [19] also 
indicate that these two compounds are isostructural. 
b. Low alkali glasses, x < 0.30. The fraction of four-coordinated borons was 
determined for each composition by graphically integrating the areas under the NMR 
absorption spectrum due to each type of boron using the N4 program. Results of N4 
determinations for all the glasses are given in Table V.l, along with values of x/(l-x), 
2x/(l-x), 3x/(l-x), and 4x/(l-x) for each composition. Also included in the table are values 
of N4 determined by Bray et al. [74] using CW NMR. The N4 values are plotted in 
Figure V.9, along with the N4 values for Na20 + glasses using the data from Yun 
and Bray [52], and from measurements performed in this work. The alkali thioborate data 
follow a trend similar to that of the alkali borate data, though N4 is consistently higher for 
the sulfide-based glasses than for the oxide-based glasses. As can be seen, the increase is 
beyond that expected from experimental error, and indeed, we have found that the N4 
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Table V.l. Experimental values for alkali thioborates and alkali borates 
and values predicted by various models 
xNa2S N4 N4 [74] x/(l-x) 2x/(l-x) 3x/(l-x) 4x/(l-x) 
0.000 0 0 0 0 0 0 
0.025 0.06 0.05 0.026 0.051 0.077 0.103 
0.050 0.11 0.132 0.053 0.105 0.158 0.211 
0.075 0.32 0.255 0.081 0.162 0.243 0.324 
0.100 0.37 0.309 0.111 0.222 0.333 0.444 
0.125 0.55 0.45 0.143 0.286 0.429 0.571 
0.150 0.65 0.529 0.176 0.353 0.529 0.706 
0.200 0.74 0.629 0.25 0.5 0.75 1 
0.250 0.76 0.648 0.333 0.667 1 
0.300 0.76 0.634 0.429 0.857 
0.600 0.22 0.212 
0.650 0.20 0.127 
0.700 0.09 0.051 
0.750 0.04 0.054 
0.800 0 0.026 
xNa20 N4 x/(l-x) 2x/(l-x) 3x/(l-x) 4x/(l-x) 
0.000 0 0 0 0 0 
0.100 0.13 0.111 0.222 0.333 0.444 
0.200 0.32 0.25 0.5 0.75 1 
0.300 0.52 0.429 0.857 
values obtained are reproducible to within ±0.05 (by taking three spectra of the same 
sample and comparing tetrahedral boron fractions). Note that the values of obtained 
by Bray et al. [74] for the same set of samples, are slightly lower than the values obtained 
in this work. This may be due to differences in experimental method (CW vs. pulse 
NMR), or it may be due to the deadtime of the spectrometer (specifically, the deadtime of 
the transmitter-probe-receiver combination) in the pulsed NMR system which, although 
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minimized, may still be obliterating the &st part of the FID and therefore making the 
tetrahedral boron fractions appear somewhat higher than they actually are. The fact that 
both the spectrum for and that for show an absence of intensity at the 
resonance frequency tends to support the idea that the difference is due to deadtime. 
Figure V.9 shows that in both the very low and very high alkali regions there is reasonably 
good agreement between the data of Bray et al. [74] and that obtained for this work using 
pulse NMR. The differences are the greatest in the mid-low alkali range, but even so, both 
data sets show that the fraction of tetrahedral borons present in the sodium thioborate 
system is quite a bit higher than that observed in the sodium borate system, and that the 
N4 fractions follow the same trend seen in the oxide analog system. Table V.2 shows the 
pulse NMR values of N4 determined for each of three runs, and the average value of N4 
obtained for each glass, which was used in Figure V.9. 
The N4 values for the Na20 + B^C^ glasses as shown in Figure V.9 show relatively 
good agreement with data obtained by Bray et al. [52] on samples of the same composition, 
however, the N4 values for the glasses studied here are all slightly higher than Bray's 
values. There are two possible reasons for this. One is the deadtime problem, which will 
artificially inflate relative fractions of tetrahedral borons by obliterating part of the signal 
for trigonal borons. Another possibility, however, is that these samples could be 
contaminated with H2O. The Na20 + B^C^ glasses were synthesized in air, and B2O3 is 
known to be somewhat sensitive to air and moisture. (The oxide glasses were not prepared 
in the glove box due to the possibility of introducing oxygen contaminants to the 
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Table V.2. values determined for three runs and average 
values obtained for xNa2S + (l-x)B2S3 glasses 
X run 1 run 2 run 3 average 
0.000 0 0 0 0 
0.025 0.059 0.063 0.060 0.06 
0.050 0.107 0.106 0.111 0.11 
0.075 0.323 0.324 0.326 0.32 
0.100 0.368 0.370 0.370 0.37 
0.125 0.544 0.548 0.548 0.55 
0.150 0.659 0.650 0.654 0.65 
0.200 0.721 0.736 0.750 0.74 
0.250 0.745 0.775 0.752 0.76 
0.300 0.756 0.770 0.746 0.76 
0.600 0.224 0.217 0.224 0.22 
0.650 0.210 0.202 0.200 0.20 
0.700 0.099 0.092 0.090 0.09 
0.750 0.044 0.043 0.045 0.04 
0.800 0 0 0 0 
environment.) It may be then, that additional oxygen coming from H2O contamination is 
contributing to the formation of excess tetrahedral borons. 
Figure V.9 also shows the curves expected when a sulfur forms two (x/(l-x)), four 
(2x/(l-x)), six (3x/(l-x)), and eight (4x/(l-x)) (where x is the mole fraction of alkali oxide 
or sulfide modifier) tetrahedral borons when added to pure B^Sg. Figure V.IO shows the 
mechanism by which tetrahedral borons are formed when x/(l-x) behavior is observed. As 
expected from the models, the slopes of the curves progressively increase as more 
tetrahedral borons are formed for each added sulfur or oxygen. The fraction of tetrahedral 
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Figure V.IO. Mechanism by which tetrahedral borons are formed in oxide systems 
borons reaches unity at x = 0.50 for the x/(l-x) model, at x = 0.33 for the 2x/(l-x) model,at 
X = 0.25 for the 3x/(l-x) model, and at x = 0.20 for the 4x/(l-x) model. Note that the 
coordination number of the sulfur increases from two to four to six to eight for each of 
these models, respectively. 
Following Baugher and Bray's suggestion [57] that plotting vs. x/(l-x) gives the 
rate of conversion of trigonal to tetrahedral borons. Figure V.l 1 shows two distinct regions, 
each having a different slope, for the low alkali glasses. A dramatic change in slope occurs 
at X = 0.15 (or x/(l-x) ~ 0.20), indicating a change in the conversion factor of trigonally 
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to tetrahedrally coordinated borons. In the low x/(l-x) region, a slope of 3.91 is found, and 
in the high x/(l-x) region, a slope of 0.38 is found. Fitting the data in each region to the 
equation: 
n4=f(-îîr) 
where a is the number of boron atoms that are converted from trigonal to tetrahedral 
coordination by the addition of a sulfide anion, shows that a = 7.82 in the low region and 
a = 0.76 in the high region, a was not calculated for the high alkali glasses since in this 
region new tetrahedral borons are not being formed, but rather are being destroyed in 
preference to the formation of non-bridging sulfur. 
Based on the ^ NMR data, it would appear that in the low alkali region, for each 
S~ anion that is added to the glass, between six and eight borons are converted from 
trigonal to tetrahedral coordination, appearing to follow a 4x/(l-x) model as shown in 
Figure V.12. Above x = 0.15 (x/(l-x) - 0.20), the boron conversion factor decreases 
dramatically and it appears that for every S~ anion added, only one boron is converted 
from trigonal to tetrahedral coordination. In this region, rather than suggesting that the 
conversion factor is actually slowing down or changing, it is more likely that the tetrahedral 
boron groups are being destroyed by the formation of non-bridging sulfur groups. Indeed, 
previous IR work shows evidence for this [76]. 
Based on the x/(l-x) structural model used successfully with the alkali borate 
glasses, a conversion factor of eight puts the sulfide anion in an environment where it must 
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have a coordination number of eight. While Jellinek [77] has stated that the coordination 
number of the sulfide ion must not exceed eight, no examples showing a sulfide ion with 
a coordination number of eight are given, and in fact, the present literature search has 
turned up no such examples. In addition, applying simple valence bond theory to the 
problem clearly shows that such a high coordination number is not possible, as it requires 
sixteen valence electrons, and the sulfide anion has only eight. A conversion factor of six 
(which is what the data of Bray et al. [74] suggests), results in a six-coordinated sulfur. 
Six-coordinated sulfur does exist [78], but only in SFg derivative compounds. Also, a 
conversion factor of six requires twelve valence electrons, which is again a difficult 
situation to understand in light of the eight possessed by the sulfide anion. More plausible 
would be a conversion factor of four, where all valence electrons would be coordinated 
(bonded) to tetrahedral borons, giving rise to a four-coordinated sulfur. Many examples 
of tetrahedrally coordinated sulfur exist in the literature [77-79]. 
Based on these observations, structures like that shown in Figure V. 13(b), where the 
sulfur is tetrahedrally coordinated, are proposed to form as Na2S is added to B^Sg. Here, 
four tetrahedral borons are created for each sulfur added (a 2x/(l-x) dependence). This 
structure is very similar to that of the traditional diborate group (see Figure V. 13(a)) except 
that formal bonds are proposed to form between all borons in the eight-membered ring and 
the central sulfur. This hypothesis is supported by the fact that unlike its oxide counterpart, 
the dithioborate compound consists entirely of tetrahedrally coordinated borons (see Figure 
V.6(a)), reasonable behavior if a 2x/(l-x) model is assumed, where, at x = 0.33, the 
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Figure V.13. (a) Traditional diborate unit found in alkali borates 
(b) Proposed dithioborate unit containing tetrahedrally 
coordinated sulfur 
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fraction of tetrahedral borons predicted is unity. As Figure V.13 shows, the proposed 
dithioborate unit involves the formation of linked four-membered rings. Four-membered 
rings have been reported in other sulfide systems [21-24]. 
Such a model can only account for 1/2 to 2/3 (depending on which data set is used) 
of the tetrahedral borons present; there is simply not enough sulfur added to the base glass 
to account for these high tetrahedral boron fractions. The remaining fraction of tetrahedral 
borons, ~2x/(l-x) may form from sulfur akeady present in the glass network, this 
being the only other source of sulfur available for tetrahedral boron formation. Figure V.14 
shows one way in which this might be possible. This mechanism of tetrahedral boron 
formation would involve a major structural rearrangement, including the breaking and 
forming of bonds, and the formation of more tetrahedrally coordinated sulfurs. Nothing 
like this has been observed in the oxide analogs of these glasses. 
That the sulfide- and oxide-based glasses should exhibit such different structural 
behaviors is not particularly surprising when one considers that the stereochemistry of solid 
sulfides differs dramatically from the stereochemistry of oxides. Sulfides tend to behave 
much more like selenides and tellurides, all of which are highly polarizable [77]. The 
oxide ion, on the other hand, is much less polarizable. This means that while the oxide ion 
prefers a symmetric environment, sulfide ions often prefer asymmetric environments [77]. 
Indeed, sulfur can be found in environments in which it has coordination numbers of two, 
three, four, five, and six [78], although coordination numbers two and four are the most 
common. 
Figure V.14; Possible structural rearrangement explaining high boron conversion factor in Nag^ + glasses 
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No direct evidence for the structural rearrangement suggested by Figure V.14 exists 
aside from a need to account for the high tetrahedral boron fractions present in the glasses. 
Indeed, a natural question would be why don't tetrahedral borons form in pure B^Sg by the 
same mechanism? 
It is possible that the conditions are simply not conducive to the existence of 
tetrahedral borons in pure at ambient temperature and pressure. Tetrahedral borons 
are found in a high pressure B2O3 structure, B2O3 n [79]. Taking into account the fact 
that thioborate compounds containing tetrahedrally coordinated borons exist (i.e., AggB^S^Q 
and Pb^B^SiQ), one cannot rule out the existence of a similar high pressure form of 
[79]. It may be that the presence of alkali ions, sodium in particular, is conducive to the 
formation of tetrahedral borons by the proposed mechanism, and the reason similar 
behavior is not seen in the oxide analogs lies in the basic differences in the chemistry of 
oxygen and the chemistry of sulfur. 
c. High alkali glasses, 0.60 <x< 0.80. The behavior of the high alkali glasses is 
more tractable. In similarity to the behavior in the analogous oxide glass system, the 
fraction of tetrahedral borons monotonically decreases toward zero as the orthothioborate 
group, NagBSg, is formed. Figure V.9 shows that values of N4 for the sulfide glasses 
remain higher than those for the oxides, presumably because the fraction at the low 
alkali contents is higher for the sulfides than the oxides. As x = 0.75 is approached the 
totally depolymerized orthothioborate group is formed and N4 goes to zero. 
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Table V.3. Full width at half maximum values 
for xNa2S +(l-x)B2Sg glasses 
X fwhm (kHz) 
0.05 4.39 
0.075 5.33 
0.10 5.00 
0.125 5.47 
0.15 5.88 
0.20 4.56 
0.25 5.03 
0.30 5.37 
5. Linewidth measurements 
The full width at half maximum (FWHM) was measured for the low alkali glasses 
to determine whether the linewidths of the central line increase with alkali content. This 
effect is seen in alkali borates and is consistent with the presence of two or more types of 
tetrahedral boron sites [5]. The results for the sodium thioborate glasses are shown in 
Table V.3. All values fall between 4.39 and 5.88 kHz, and don't seem to follow any kind 
of trend. The average value was found to be 5.13 kHz, with a standard deviation of 0.49. 
The magnitude of the dipole-dipole interaction between and ^^Na was 
calculated using equation (II. 17) to be - 0.1 kHz, too small for dipolar broadening to be 
a factor in these results. The magnitude of the dipole-dipole interaction was 
calculated to be 1.6 kHz, and is also too small for dipolar broadening to have a large 
effect [73]. 
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It is interesting that the linewidths of the Na2S + B2S3 glasses do not exhibit the 
same kind of trend observed in alkali borate glasses, as the structural rearrangement 
proposed gives rise to a second type of tetrahedral boron site: one that is not charge 
compensated by an alkali ion, as opposed to the "normal" tetrahedral boron site, which is. 
It is possible that these two structures are not different enough to have different ^ % NMR 
lines, and it is also possible that the spectral resolution was not high enough to show any 
trends that might exist. 
6. NMR spectra 
NMR spectra were obtained for compositions x = 0 (V-B2S3), shown in Figure 
V.15, and x = 0.10, shown in Figure V.16. The only real difference between these two 
spectra is in the FWHM, which is 61.04 kHz for and 29.30 for the x = 0.10 glass. 
This narrowing could be due to the presence of mobile sodium ions in the x = 0.10 glass, 
which could affect the strength of the quadrupole interaction and therefore the amount of 
quadrupole broadening in the spectrum [80]. It could also be that the two materials simply 
have different quadrupole constants for Note that the S/N is not particularly good 
even after 10,000 scans. This is due to the fact that is only 18.83% abundant and has 
a large Much of the work done on borate glasses in the past [8,62,81] has relied 
on the use of samples that have been ^®B enriched with orthoboric acid, a common starting 
material for alkali borates. As there is no such sulfide analog compound available, it was 
not possible to enrich these samples. 
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Figure V.15. NMR spectrum of V-B2S3 
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Figure V,16. ^^B NMR spectrum of 0.10 Na2S + 0.90 B2S3 glass 
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It was concluded after running the two spectra shown in Figures V.15 and V.14 that 
due to the broad lines and low S/N, NMR experiments would be better run in 
continuous wave mode, and that samples should be enriched. Due to the unavailability 
of a source of suitable for B2S3 synthesis, these experiments were not pursued further. 
7. ^^Na NMR spectra 
The ^^Na NMR spectra of the crystalline compounds in the system are shown in 
Figures V.17 - V.20, and the chemical shifts are summarized in Table V.4. An upper limit 
on the second order quadrupole shift was estimated at 13 ppm using the sodium 
orthothioborate spectrum (Figure V.20), which appeared to be dominated by the 
quadrupolar interaction to a greater extent than the other spectra. The chemical shifts of 
the compounds show a definite trend as the composition changes: as the amount of Na2S 
present increases, the chemical shifts become more positive, from -33.2 ppm (from IM 
NaCl) at the dithioborate compound to +49.6 ppm for Na2S. 
The sodium dithioborate spectrum (Figure V.18) shows a broad line centered at 
-33.2 ppm. This composition was shown by NMR to consist entirely of four-
coordinated borons, and therefore most likely contains all dithioborate units (see Figure 
V. 13(a)), in which all of the sodium ions are associated with dithioborate units. From this, 
a chemical shift of -33 ppm could be associated with a sodium ion near a dithioborate unit. 
The broadness of this peak («18 ppm « 1.43 kHz) compared to that for Na2S and for the 
metathioborate compound (Figure V.19) suggests that the sodium ions in the dithioborate 
compound exist in a distribution of sites rather than one single type of site. The existence 
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Figure V.17. MASS NMR spectrum of crystalline Na^S 
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Figure V.18. MASS NMR spectrum of sodium dithioborate 
(Na2S *B2Sg) 
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Figure V.19. MASS NMR spectrum of sodium metathioborate 
(Na2S "B^Sg) 
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Figure V.20. MASS NMR spectrum of sodium orthothioborate 
(3Na2S«B2S3) 
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Table V.4. ^^Na chemical shifts for glasses and compounds 
in the system xNa2S + (l-x)B2Sg 
X S (ppm)* 
0.025 -11.4 
0.05 -12.3 
0.075 -14.4 
0.10 -13.3 
0.125 -13.4 
0.15 -13.7 
0.20 -13.7 
0.25 -12.6 
0.30 -15.5 
0.60 -0.8 
0.65 1.6 
0.70 2.1 
0.75 4.6 
0.80 6.9, 55.2 
dithioborate -33.2 
metathioborate 2.8 
orthothioborate 5.3, -10.4 
NagS 49.6 
% = chemical shift plus second order quadrupole shift 
of a distribution of sites could indicate that the material is amorphous or partially 
amorphous. Note, also, that although this line is much broader than those of the other 
crystalline compounds, it shows no evidence of quadrupolar broadening (recall that ^^Na 
is a quadrupolar nucleus with I = 3/2), indicating that the sodium ions associated with the 
dithioborate unit must be in a highly symmetric environment with close to cubic symmetry. 
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The metathioborate compound (Figure V.19) shows a narrow line centered at +2.8 
ppm. ^ % NMR shows that most of the borons present are in trigonal coordination, so this 
narrow line indicating only one type of sodium environment is not surprising. This site 
must be highly symmetric in order to give rise to such a narrow line. 
The spectrum of the orthothioborate compound (Figure V.20) displays a quadrupolar 
broadened lineshape with spinning sidebands on either side (marked with an *), centered 
at +5.3 ppm. NMR has confirmed that at this composition, most borons are in trigonal 
coordination in orthothioborate units, each of which consists of a central BSg anion, each 
sulfur having a sodium ion associated with it. A chemical shift of +5 ppm could then be 
associated with a sodium near an orthothioborate unit. The orthothioborate compound is 
the only one of the compounds (or glasses, for that matter) to exhibit a quadrupolar 
broadened lineshape, indicating that the sodium ions associated with the orthothioborate 
unit are in asymmetric electronic environments, as opposed to sodium ions associated with 
dithioborate and metathioborate units. This may be due to the fact that of all of the 
crystalline structural units, the sodium ions in the orthothioborate structure are closest 
together (see Figure V.21). It may be that the electronic environment of a sodium ion in 
an orthothioborate site is influenced by nearby sodiums, whereas in the other crystalline 
structural units, sodium ions tend to have greater separation from each other, and therefore 
cannot influence one another's site symmetry to such a degree. 
The ^^Na NMR spectra of the glasses in the system xNa2S + (l-x)B2Sg appear in 
Appendix C, and several representative spectra are shown in Figure V.22. The spectra are 
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Figure V.21. Structural units found in alkali thioborate compounds 
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Figure V.22. (a) ^^Na MASS NMR spectrum of xNa2S + (l-x)B2Sg glass, 
X = 0.05 
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Figure V.22. (b) MASS NMR spectrum of xNa2S + (l-x)B2S3 glass, 
X = 0,20 
121 
250 200 150 100 50 0 -50 -100 -150 -200 -250 
23 PP"" 
Figure V.22. (c) ^Na MASS NMR spectrum of xNa2S + (l-x)B2Sg glass, 
X = 0.80 
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quite similar, each consisting of a broad line centered somewhere between +7 and -16 ppm. 
The chemical shifts of these lines are shown in Table V.4. The low alkali glasses show 
a very weak dependence of chemical shift on composition. All of the chemical shifts fall 
between -11.4 and -15.5 ppm, and for the most part, become more negative as xNa2S 
increases. The high alkali glasses show a slightly greater chemical shift dependence on 
composition, changing by about +2 ppm per 5 mol% Na2S. Note also the additional peak 
seen in the x = 0.80 (80 mol% Na2S) sample at 55.2 ppm, shown in Figure V.22(c). This 
peak can be attributed to free Na2S in the glass—the ^^Na NMR spectrum of Na2S shows 
a single peak at about +50 ppm (see Figure V.17). At x = 0.75, the orthothioborate 
composition, we expect all of the Na2S in the glass to be involved in orthothioborate 
groups, but at X = 0.80 an excess of Na2S would be present. 
It is interesting to note that for the low alkali glasses, chemical shifts fall closest 
to that of the dithioborate compound. In all of these materials, sodium ions are found in 
environments where they are charge compensating negatively charged tetrahedral borons. 
As the amount of Na2S present increases, the fraction of tetrahedral borons increases, as 
does the number of sodiums in that type of environment. For the high alkali glasses, the 
chemical shifts tend to fall in the same region as those of the metathioborate and ortho­
thioborate compounds. In all of these materials, the majority of the sodium ions are found 
in environments where they are charge compensating negatively charged non-bridging 
sulfurs (see Figure V.21). As the amount of Na2S increases in the high alkali region, 
chemical shifts become more positive. The fraction of tetrahedral borons decreases, with 
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added alkali in this region, as does the fraction of sodium ions near borons. The fraction 
of trigonally coordinated borons therefore increases, as does the fraction of sodium ions 
near non-bridging sulfurs. Negative chemical shifts (between -10 and -35 ppm), therefore, 
indicate sodium ions located near tetrahedrally coordinated borons, and chemical shifts near 
zero or slightly positive indicate sodium ions located near non-bridging sulfurs. 
Interestingly, ^^Na experiments by Rhee [7] have shown evidence for the existence of at 
least two different sodium sites in sodium borate glasses. 
It should also be pointed out that the chemical shift values reported for the glasses 
represent the centers of very broad peaks. These peaks cover the entire range of chemical 
shifts seen in the compounds, except for Na2S, the presence of which can be clearly seen 
in the x = 0.80 glass (see Figure V.22(c)). Broad lines are typical of amorphous solids, 
and indicate that the sodium ions present in the glasses exist in a distribution of sites. The 
weak compositional dependence of the chemical shifts of the peak's centers indicates that 
the relative fractions of different sodium sites are changing with composition, and the 
chemical shift values determined are representative of the average environment rather than 
the only environment of the sodium ions. 
B. The K2S + B2S3 System 
The K2S + B2S3 system was chosen for study in order to determine whether or not 
the trends seen in the Na2S + B^Sg system are common to all alkali thioborate glasses. 
Studying this system also allows an examination of the effect of the specific alkali ion on 
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the fraction of tetrahedral borons. In alkali borate glasses, the fraction of tetrahedral borons 
is found to decrease as the size of the alkali ion increases, but until now, there has been 
no such information on the alkali thioborates. 
I. Glass-forming range 
Glasses in the K2S + system were formed continuously from x = 0 to 
X = 0.80 K2S. IR spectra showed glasses containing more than 45% K2S to be badly 
contaminated with oxygen, presumably coming from the K2S, and therefore only glasses 
in the region 0 < x < 0.45 were used in this study. Figure V.23 compares this glass-
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Figure V.23. Comparison of glass-forming regions in the systems K2X + B2X3 
(X = O, S) 
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forming region to the region of the corresponding oxide system K2O + B2O3 [82]. Weight 
loss measurements on a selection of the glasses ranged from 0.7 wt% to 5.7 wt%, and 
seemed to be highest among the high alkali glasses, although no definite trend was seen. 
These results indicate that no significant changes in composition occurred due to 
volatilization of starting materials. 
2. NMR spectra 
The NMR spectra of the K2S + glasses are shown in Figure V.24(a-c). 
At 2.5% K2S, a narrow line indicating the presence of tetrahedral borons appears at the 
resonance frequency, increases in intensity up to 25% K2S, and levels off up to 40% K2S. 
At 45% K2S, it decreases in intensity. This behavior is similar to that observed for alkali 
borate glasses [4-6], and also for the Na2S + B2S3 glasses. The NMR spectrum of the 
potassium dithioborate (K2S*2B2Sg) compound is shown in Figure V.25. Several attempts 
were made to crystallize the orthothioborate and metathioborate compounds, but the NMR 
spectra exhibited indistinct lineshapes and very low S/N ratios, indicating that the desired 
crystalline compounds had not been obtained. 
The small peak appearing at 22.000 MHz in the spectra of the x = 0.075, x = 0.125, 
and X = 0.35 to x = 0.45 glasses is due to transient instrument noise. This peak is also 
very apparent in the spectrum of the dithioborate compound. It always appears at 22.000 
MHz, whether the NMR spectrum is taken on resonance or off resonance. 
126 
0.10 KoS 
0.075 KoS 
0.025 KoS 
21.95 22.15 22.10 22.05 22.00 
Frequency (MHz) 
Figure V.24. (a) NMR spectra of XK2S + (l-x)B2S3 glasses, 
0.025 < X < 0.10 
127 
0.25 KoS 
0.125 KoS 
22.15 22.10 22.05 22.00 21.95 
Frequency (MHz) 
Figure V.24. (b) NMR spectra of XK2S + (l-x)B2Sg glasses, 
0.125 <x ^0.25 
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Figure V.24, (c) NMR spectra of XK2S + (l-x)B2S, glasses, 
0.30 < X < 0.45 
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Figure V.25. NMR spectrum of potassium dithioborate, K2S*28282 
3. Calculation of satellite transition frequencies 
As was the case with the Na2S + glasses, satellite transition frequencies for 
the K2S + B2S3 glasses must be calculated for both trigonal and tetrahedral boron sites. 
As before, the frequencies were calculated using Av measured directly from the NMR 
spectrum. 
Using the x = 0.05 K2S glass as a representative sample, Avg = 37.110 kHz. 
Utilizing the same series of calculations as before (shown in Appendix B), VQ(trigonal) is 
1253.43 kHz - 1.25 MHz. The frequencies of the satellite transitions were found to be 
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Figure V.26. Satellite transition frequencies for K2S + B2S3 glasses 
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21.423 MHz for the 3/2 —> 1/2 transition, and 22.676 MHz for the -1/2 —> -3/2 transition. 
Figure V.26 shows these positions in relation to the observed spectrum. 
AV4, the splitting for the tetrahedral boron sites, was estimated using the average 
FWHM of 4.22 kHz. As in the Na2S + glasses, the dipolar broadening is 
considered minimal [73], leading to satellite frequencies of 21.839 MHz for the 3/2 —> 1/2 
transition, and 22.261 MHz for the -1/2 -» -3/2 transition. Figure V.26 also shows these 
transition in relation to the entire spectrum. These transition frequencies are very close to 
those calculated for the Na2S + B^Sg glasses, and their contributions to the region of 
interest are therefore negligible. 
4. Determination of N4, the fraction of tetrahedral borons 
For each glass composition, the fraction of four-coordinated borons was determined 
by graphical integration of the NMR absorption spectrum using the N4 program. Results 
of the N4 determinations for all the K2S + B^Sg glasses are reproducible to within ± 0.05, 
and are shown in Table V.5, along with the values of x/(l-x) and 2x/(l-x) for each 
composition. The N4 values are plotted in Figure V.27, along with the values obtained by 
Bray and O'Keefe [5] for K2O + B^Og glasses. The K2S data closely follow the trend of 
the K2O data, though N4 is consistently higher for the sulfide based glasses than for the 
oxide based glasses. Figure V.27 also shows the curves for x/(l-x) and 2x/(l-x), behavior 
expected when a sulfur (or oxygen) converts two and four trigonal borons to tetrahedral 
coordination, respectively. Note that the coordination around sulfur increases from two to 
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Figure V,27. vs. mole fraction alkali for K2X + B2X3 glasses, 
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Table V.5. values determined during three runs and average 
values obtained for XK2S + (l-x)B2Sg glasses 
X run 1 run 2 run 3 average 
0 0 0 0 0 
0.025 0.052 0.052 0.052 0.052 
0.05 0.097 0.098 0.090 0.095 
0.075 0.134 0.145 0.136 0.138 
0.10 0.196 0.196 0.197 0.196 
0.125 0.244 0.254 0.235 0.244 
0.15 0.297 0.301 0.290 0.296 
0.20 0.372 0.391 0.384 0.382 
0.25 0.522 0.515 0.528 0.522 
0.30 0.544 0.588 0.533 0.555 
0.35 0.610 0.564 0.583 0.586 
0.40 0.501 0.508 0.518 0.509 
0.45 0.324 0.323 0.331 0.326 
four for the x/(l-x) and 2x/(l-x) models, respectively. As the figure shows, the N4 data 
for K2S + B2S3 glasses at low alkali tend to fall on a line between those for the x/(l-x) 
and 2x/(l-x) models. 
Like the Na2S + B^Sg system, the K2S + B^Sg system contains larger fractions of 
tetrahedral borons at a given composition than its oxide counterpart. In similarity to the 
alkali borate glasses, the N4 fractions observed in the alkali thioborates follow the trend 
of lower tetrahedral boron fractions for larger alkali ions at a given composition, suggesting 
that, as in the alkali borates [55], two different processes compete for the alkali ion: the 
formation of tetrahedral borons, and the formation of negative non-bridging sulfurs on BS3 
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units. 
As was done in the sodium system, vs. x/(l-x) was plotted to determine the 
boron conversion factor for trigonal to tetrahedral boron conversion [57]. Figure V.28 
shows three distinct regions, each having a different slope. For 0 < x < 0.25, the slope is 
1.535, and for 0.25 < x < 0.35, the slope is 0.624. Fitting the data in each of these regions 
to equation (V.l) reveals that a = 3.07 for the first region, and a = 1.25 for the second 
region. 
In the composition region 0 < x < 0.25, for each K2S unit that is added to the glass, 
three borons are converted from trigonal to tetrahedral coordination, following a 1.5x/(l-x) 
model. In the region 0.25 < x < 0.35, the boron conversion factor drops to about 1. As 
in the case of the sodium thioborates, the conversion of borons from trigonal to tetrahedral 
coordination probably doesn't actually slow down in this region; it is more likely that the 
creation and destruction of tetrahedral borons is more closely balanced by the formation 
of non-bridging sulfur groups. In the third composition region, 0.35 < x < 0.45, the boron 
conversion factor is negative, the slope being -0.937, resulting in a - -2. In this region, 
the destruction of tetrahedral borons by formation of non-bridging sulfur groups is the 
dominant mechanism for structural change. 
The maximum in N4 for the K2S + B2S3 glasses occurs at x ~ 0.30 to 0.35, and 
is similar to the composition of the maximum N4 for the alkali borates. The N4 maximum 
for the Na2S + glasses occurs at a lower composition, x - 0.25, presumably due to 
the higher conversion rate in the sodium thioborates, which would cause a faster 
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Figure V.28. N4 vs. x/(l-x) for K2S + glasses 
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"saturation" of the glass structure by tetrahedral borons. 
The observed conversion factor of three requires six of the eight valence electrons 
around the added sulfide anion to be bonded to tetrahedral borons. A simple explanation 
of this conversion factor could be that the sulfide ions reside in two different sites, with 
coordination numbers two and four. A site with a coordination number of two would be 
the "normal" site found in the oxide glasses. Figure V.29(a) shows the formation and 
structure of this site. A site with a coordination number of four for the sulfide anion, as 
suggested in the case of the sodium thioborates, is a dithioborate unit, the formation and 
structure of which is shown in Figure V.29(b). The existence of this type of structure is 
supported by the existence of the potassium dithioborate compound, which, like the sodium 
dithioborate compound, is composed entirely of tetrahedral borons (see Figure V.25). 
In the glasses, then, if some fraction of the added K2S forms "normal" tetrahedral 
borons and the remaining K2S forms dithioborate tetrahedral borons, a conversion factor 
of three could easily be achieved. The observed conversion rate of 3.07 suggests that the 
added sulfur is roughly equally divided between "normal" and dithioborate sites. 
A second hypothesis would be that a three-fold coordinated sulfur is formed as K2S 
is added to B^Sg. Three-coordinated sulfur is not unknown [78], but tends to occur more 
in organic systems and in oxygen-sulfur compounds. A coordination number of three for 
sulfur would account for the conversion rate of three directly, but would not account for 
the formation of the phase at KgS'ZB^Sg, which has an N4 fraction of unity and can be 
correlated to the Na2S*2B2Sg phase. 
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Figure V.29. Sulfur sites with coordination numbers two (a) and four (b) 
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Still another hypothesis would invoke the same kind of structural rearrangement that 
was hypothesized for the Na2S + system (see Figure V.14). While this model is not 
necessary to explain the tetrahedral boron fractions observed in the K2S + system, 
it would be odd if such behavior were limited to the sodium system, sodium and potassium 
being much more alike chemically than sulfur and oxygen. 
None of these hypotheses can be completely ruled out, although the presence of the 
dithioborate phase at x = 0.33 supports the existence of the dithioborate site. Based on 
these observations, then, it seems likely that tetrahedral borons in the K2S + B^Sg system 
are formed in one of two ways: (1) a combination of two- and four-coordinated sulfurs 
forming with the addition of alkali, as illustrated in Figure V.29, or (2) a combination of 
(1) and the kind of structural rearrangement proposed for the sodium thioborate system, 
depicted in Figure V.14. 
5. Linewidth measurements 
The full width at half maximum was measured for all glasses to determine whether 
any changes in linewidth occur with composition. Table V.6 shows the results. All values 
fall between 4.01 and 4.72 kHz, and show no trend. The average value was found to be 
4.22 kHz with a standard deviation of 0.21. The FWHM for the K2S + B^Sg glasses is 
slightly less than that for the Na2S + B^Sg glasses, and the values show less scatter. As 
in the sodium thioborate system, the conclusion must be that if more than one type of 
tetrahedral boron site does exist, either its presence has no effect on linewidth, or the 
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Table V.6. Full width at half maximum values 
for xKgS + (l-x)B2Sg glasses 
x fwhm (kHz) 
0.05 4.21 
0.075 4.01 
0.10 4.22 
0.125 4.01 
0.15 4.10 
0.20 4.08 
0.25 4.37 
0.30 4.21 
0.35 4.11 
0.40 4.37 
0.45 4.72 
resolution of the spectra was not high enough to detect it. The K nucleus has an even 
smaller y than ^^Na, and so the magnitude of the dipole-dipole interaction is even 
smaller than for the Na2S + B2S3 glasses, and therefore should not be a factor in these 
results. 
6. NMR spectra 
The NMR spectra of glasses in the system K2S + are shown in Appendix 
D. Figure V.30 shows the NMR spectrum of the glass at x = 0.30 (30% K2S). No 
change in chemical shift with composition is observed; all spectra show a sharp peak at 
about -390 ppm (from IM KJ), arising from the central transition. Off the scale of the 
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Figure V.30. Typical MASS NMR spectrum for xK^S + (l-x)B2So glass 
(X = 0.30) 
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Table V.7. chemical shifts of the central transition 
for glasses in the system XK2S + (l-x)B2Sg 
X 5 (ppm) 
0.025 -392.0 
0.05 -392.0 
0.075 -391.9 
0.10 -389.1 
0.125 -391.9 
0.15 -391.9 
0.20 -391.9 
0.25 -392.0 
0.30 -391.9 
0.35 -391.9 
0.40 -391.9 
0.45 -388.4 
spectra are two smaller sharp peaks at 720 and -1460 ppm due to satellite transitions. 
Table V.7. shows the chemical shifts obtained for each composition. These results suggest 
that the potassium environment in these glasses is constant, regardless of composition. 
is a quadrupole nucleus (I = 3/2), and so the narrowness of the lines indicates that the 
potassium environment is highly symmetric. This is in direct contrast to the ^^Na NMR 
results on the Na2S + glasses, in which the lines for the glasses were quite broad and 
showed a weak dependence of chemical shift on composition. This result is surprising in 
that the compounds that form in the two systems are the same, and tetrahedral borons are 
seen to form in both systems with the addition of alkali sulfide. One would expect, then. 
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to find potassium ions in similar types of environments, and therefore show the same kind 
of weak chemical shift dependence. The most likely explanation for these results is that 
the nucleus is simply not as sensitive to its environment as the nucleus is, having 
a lower y, and a sensitivity that is about two orders of magnitude less than that of ^^Na, 
as shown in Table ILL 
C. The Li2S + System 
Glasses in the Li2S + system were prepared in order to see if the trends 
observed in the high alkali Na2S + glasses also occurred in other alkali thioborate 
systems. The behavior of the low alkali Na2S + glasses could be compared to that 
of low alkali glasses in the K2S + B^Sg system, but due to oxygen contamination problems 
with commercially available K2S, it was not possible to examine high alkali glasses in that 
system. The Li2S + B^Sg system therefore provides a good alternative for examining this 
region of composition. 
1. Glass-forming range 
Low alkali glasses in the Li2S + B^Sg system are difficult to form due to 
crystallization of the melt upon cooling. A high alkali glass-forming region of 0.50 < x 
< 0.75 has been reported [25,58]; however, using the stainless steel quenching block, it was 
only possible to make glass at x = 0.65 and x = 0.70. Other compositions in the high 
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alkali region were attempted several times, and found to crystallize upon cooling. Weight 
loss during the preparation of these glasses was between 1 and 2 wt%. 
2. NMR spectra 
The NMR spectra of the Li2S + glasses are shown in Figure V.31. The 
decrease in intensity of the narrow line centered at the resonance frequency from x = 0.65 
to X = 0.70 indicates that the tetrahedral boron fraction is dropping with added alkali in the 
high alkali region, as has been reported in both LijO + B2O3 [5,6] and Li2S + 
systems [25,58]. 
The ^^B NMR spectra of the crystalline compounds in the system are shown in 
Figure V.32(a-c). These compounds are lithium dithioborate (Li2S*2B2Sg), lithium 
metathioborate (Li2S*B2S3), and lithium orthothioborate (3Li2S*B2S3). As was the case 
in some of the potassium thioborate spectra, the narrow line at 22.000 MHz in the lithium 
dithioborate and orthothioborate spectra is due to transient instrument noise. 
3. Determination of N^, the fraction of tetrahedral borons 
a. Crystalline compounds. The spectrum of lithium dithioborate is shown in Figure 
V.32(a), and is identical to the spectra of sodium dithioborate (Figure V.6(a)) and 
potassium dithioborate (Figure V.25). In all three of these compounds, all of the borons 
are found in tetrahedral coordination, supporting the existence of the hypothesized 
dithioborate structure (Figure V.13). 
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Figure V.31. NMR spectra of xLi2S + (l-x)B2Sg glasses, 
0.65 < X < 0.70 
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Figure V.32(a). NMR spectrum of lithium dithioborate (Li2S'2B2Sg) 
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Figure V.32(b). NMR spectrum of lithium metathioborate (Li2S"B2Sg) 
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Figure V.32(c). NMR spectrum of lithium orthothioborate (3Li2S*B2Sg) 
The spectrum of lithium orthothioborate is shown in Figure V.32(c), and is almost 
identical to the spectrum of sodium orthothioborate (Figure V.6(c)). Both compounds show 
a small narrow response at the resonance frequency, indicating the presence of a small 
fraction of tetrahedral borons (N4 - 0.05). Most of the borons in the orthothioborate 
compound, however, are found in trigonal coordination, indicative of the presence of the 
orthothioborate unit (Figure V.21). 
The spectrum of lithium metathioborate is shown in Figure V.32(b), and is very 
different from the spectrum of sodium metathioborate (Figure V.6(b)). The lithium 
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Table V.8. values determined for three runs and average 
values obtained for xL^,S + (l-x)B2Sg glasses 
X run 1 run 2 run 3 average 
0.65 0.541 0.499 0.500 0.51 
0.70 0.275 0.284 0.285 0.28 
metathioborate spectrum suggests a very simple structure consisting almost entirely of 
tetrahedrally coordinated borons, much like the dithioborate spectrum. This is in contrast 
to the metaborate structure (Figure 11.20), and the metathioborate structure (Figure 
V.21),both of which consists of six-membered ring units with terminal alkali ions [19] (i.e., 
no tetrahedrally coordinated borons). Given the difficulty of obtaining a clean spectrum 
for the sodium metathioborate compound, it is possible that neither of the metathioborate 
compounds crystallized for this work is truly crystalline. The lithium metathioborate 
compound may actually be a phase-separated semi-crystalline material, with a boron-rich 
phase containing all tetrahedrally coordinated borons (i.e., dithioborate) and a lithium-rich 
phase containing very little boron. 
b. High alkali glasses. Values of N^, the fraction of tetrahedral borons, were 
determined for the high alkali glasses using the N4 program. The values calculated are 
shown in Table V.8. Figure V.33 plots these values along with tetrahedral boron fractions 
found by others for this system [25,58] and for the LijO + B2O3 system [5,6]. The 
tetrahedral boron fractions found for the Li2S + glasses studied appear to be 
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somewhat higher than those found by Suh et al. [25] and Zhang et al. [58] for the same 
glasses. As with the other alkali sulfide glasses, N4 is found to be significantly higher than 
in the corresponding oxide glasses, and decreases with added alkali sulfide, as would be 
expected in the high alkali region. 
D. The Ag2S + System 
The Ag2S + B2S3 system is another thioborate system for which oxide analog data 
exist. Although silver is not, strictly speaking, an alkali metal, it does carry a +1 charge, 
and behaves the same way in borate glasses as an alkali ion would. The Ag20 + 
system exhibits similar behavior to the alkali borate glass systems in terms of tetrahedral 
boron formation [56]. 
1. Glass-forming range 
Glasses in the system xAg2S + (l-x)B2Sg were formed in the range 
0.50 < X < 0.65. Due to the fact that the glasses were prepared in sealed tubes, where not 
all of the glass formed is necessarily recoverable, weight loss measurements were not 
made. 
2. NMR spectra 
The NMR spectra of the Ag2S + B2S3 glasses are shown in Figure V.34. In 
all of the glasses, the tetrahedral boron fraction is very close to 1.00. At x = 0.50 one can 
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Figure V.34. NMR spectra of xAg2S + (l-x)B2S3 glasses, 
0.50 < X < 0.65 
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see the suggestion of the quadrupolar broadened line arising from three coordinated borons 
just above the noise, but in the higher Ag2S content glasses, this disappears. The line at 
22.000 MHz in the x = 0.50 and x = 0.55 glass spectra is due to transient instrument noise. 
3. Determination of N^, the fraction of tetrahedral borons 
Values of N4, the fraction of tetrahedral borons, can be seen to be very close to 
unity in all of the Ag2S + glasses studied. This is in contrast to what is seen in the 
alkali borate and the alkali thioborate glasses, where at high alkali contents, the fraction of 
tetrahedral borons decreases as orthoborate or orthothioborate units are formed, 
disappearing altogether at - 75 mol% alkali. 
The most reasonable explanation for this lack of compositional dependence of N4 
is that the glasses are phase separated on a very small scale, such as to still appear 
homogeneous to the eye. It is likely that the glasses contain a boron-rich phase, in which 
most of the borons are tetrahedrally coordinated (the dithioborate phase), and a silver-rich 
phase containing little or no boron. 
E. The Na2S:K2S Mixed Alkali System 
The mixed alkali effect is reflected in the tetrahedral boron fractions determined for 
mixed alkali borate glasses [55]. The mixed alkali sulfide glasses were studied in order 
to determine whether or not this effect manifests itself in alkali thioborate systems. 
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1. Glass-forming range 
Glasses in the mixed alkali system xNa2S:K2S + (l-x)B2Sg (where Na2S:K2S = 
1:1) were formed continuously in the range 0.025 < x < 0.25. The glass-forming range 
most likely extends beyond this, at least to x = 0.30 (the low alkali glass-forming limit in 
the sodium thioborate system), but due to lack of materials, it was not possible to continue 
the investigation beyond x = 0.25. Cumulative weight loss for these compositions was 
found to be less than 6 wt% in all cases. 
2. NMR spectra 
The NMR spectra of the mixed alkali glasses are shown in Figure V.35. The 
behavior of these spectra parallels that seen in the single alkali sulfide glasses. At 
X = 0.025, a narrow line, indicative of the presence of tetrahedrally coordinated borons, 
appears at the resonance frequency and increases in intensity up to x = 0.25. The narrow 
line near 22.000 MHz appearing in many of the spectra is due to transient instrument noise. 
3. Determination of N^, the fraction of tetrahedral borons 
For each glass composition, the fraction of tetrahedral borons was determined 
graphically using the N4 program. Results of the N4 determinations for all the mixed 
alkali glasses are reproducible to within ± 0.05, and are shown in Table V.9, along with 
the values for the single alkali glasses and the values obtained when one takes a simple 
average of the N4 values for the single alkali glasses (i.e. 0.5N4(Na2S) + 0.5N4(K2S)). 
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x(Na2S:K2S) + (l-xlBgSg 
0.10 NaoS:KoS 
0.075 NaoS:KoS 
0.05 NaoS:KoS 
0.025 NaoSiKoS 
.95 22.00 22.05 22.10 22.15 
Frequency (MHz) 
Figure V.35. (a) ^ % NMR spectra of low alkali mixed alkali glasses, 
0.025 < X ^ 0.10 (x = Na2S:K2S) 
154 
x(Na2S:K2S) + (1-x)B2S3 
0.25 Na_S:K,S 
0.20 NaoS:KoS 
0.15 NaoS:KoS 
0.125 NaoS:KoS 
22.15 22.10 22.05 22.00 .95 
Frequency (MHz) 
Figure V.35. (b) ^ % NMR spectra of low alkali mixed alkali glasses, 
0.125 < X < 0.25 (x = Na2S:K2S) 
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Table V.9. values determined for mixed alkali glasses 
X N4 predicted^ N4 Na2S N4K2S 
0.000 0.000 0.000 0.000 0.000 
0.025 0.067 0.056 0.060 0.052 
0.050 0.104 0.102 0.108 0.095 
0.075 0.233 0.231 0.324 0.138 
0.100 0.394 0.283 0.369 0.196 
0.125 0.425 0.396 0.547 0.244 
0.150 0.525 0.475 0.654 0.296 
0.200 0.580 0.559 0.736 0.382 
0.250 0.691 0.640 0.757 0.522 
^ predicted values were calculated by taking the average of the 
N4 values for Na2S and K2S glasses at the given composition. 
The N4 values are plotted in Figure V.36, along with the values of the single alkali glasses 
in the Na2S + and K2S + systems of the same alkali content. for the mixed 
alkali glasses falls for the most part in between the N4 values for the Na2S and K2S 
glasses. Figure V.37 shows a plot of the N4 values of the mixed alkali glasses along with 
the average N4 values of the Na2S and K2S glasses. With the exception of the point at 
X = 0.10, the two data sets fall very close to each other, showing that unlike the mixed 
alkali oxide glasses [55], which show values lower than the average of the single alkali 
N^'s, and in some cases lower than either single alkali N4, the mixed alkali sulfides show 
N4 values that are just about the average of the values of the relevant single alkali 
glasses. 
Figure V.38 shows a plot of N4 vs. x/(l-x) for the mixed alkali glasses. Fitting the 
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x/(1-x) 
2x/(1-x) 
3x/(1.x) 0.50 
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0.30 
0.20 
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0.00 0.05 0.10 0.15 0.20 0.25 0.30 
mole fraction IVIgS (M = Na or K) 
Figure V.36. vs. mole fraction alkali for mixed alkali glasses 
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Figure V.37. Values of N^, experimental and predicted, for mixed alkali 
glasses 
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Table V.IO. a values for thioborate glasses 
in the low alkali region 
system a 
Na2S + B2S2 7.82 
K2S + B2S2 3.07 
(Na2S:K2S) + 6.28 
data to equation (V.l) reveals two regions having different boron conversion rates. The 
first region, 0 < x < 0.15, has a slope of 3.14, or a = 6.28, a conversion rate of just over 
six borons per added alkali sulfide unit (3x/(l-x) dependence). The second region, 0.15 < 
X < 0.25, has a slope of 1.07, or a = 2.14, a conversion rate of 2 borons per added alkali 
sulfide unit (x/(l-x) dependence). 
The values of a for the low alkali glasses in each single alkali system and in the 
mixed alkali system are shown in Table V.IO. Note that a for the mixed alkali system 
falls in between the values calculated in the two single alkali systems, and lies closer to 
the Na2S value for a, supporting the idea that it is the presence of the sodium which causes 
extra-high tetrahedral boron fractions. 
As in the case of the Na2S + glasses with a 4x/(l-x) dependence, the 3x/(l-x) 
dependence of the tetrahedral boron fractions observed in the mixed alkali glasses is 
difficult to explain in terms of the x/(l-x) alkali borate behavior, even allowing for the 
presence of four-coordinated sulfurs. The fact that the tetrahedral boron fractions for the 
0.80 
0.70 
0.60 
ot=2.14 
0.50 
0.40 
oc=6.28 
0.30 
0.20 
0.10 — 
0.00#-
0.00 0.10 0.20 0.30 0.40 
x/(1-x) 
Figure V.38. vs. x/(l-x) for mixed alkali glasses 
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mixed alkali glasses fall almost exactly on the values obtained by averaging the single 
alkali fractions suggests that the mixed alkali glasses consist of a mixture of the structural 
units found in each single alkali glass. If this is the case, it may be that the presence of 
sodium causes the mixed alkali glasses to undergo the same kind of structural 
rearrangement suggested for the sodium thioborate glasses. In any case, the mixed alkali 
effect does not appear to influence tetrahedral boron fractions in mixed alkali thioborate 
glasses. 
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VI. SUMMARY AND CONCLUSIONS 
This study has shown that although alkali thioborate glasses show some similarities 
to their alkali borate counterparts (i.e., presence of tetrahedral borons and similarity of the 
systems in both compound formation and glass-forming ranges), they are in fact, quite 
different. ^ % NMR experiments determined N4, the fraction of tetrahedral borons present 
in alkali thioborate glasses. Tetrahedral boron fractions were found to follow the same 
trend-increasing N4 fractions with increasing alkali content in the low alkali region-in 
both oxide- and sulfide-based systems, but were found to be higher in the alkali thioborate 
glasses than in the alkali borate glasses-one and one half times higher in the case of the 
low alkali K2S + glasses, and four times higher in the case of the Na2S + B2S3 
glasses. These tetrahedral borons fractions cannot be explained in terms of the structural 
models normally applied to the alkali borates without some adjustment, and so a new 
structural unit containing tetrahedrally coordinated sulfur is proposed. This unit, the 
dithioborate unit, contains a central sulfur, tetrahedrally coordinated to four tetrahedrally 
coordinated borons. Evidence for the existence of this structural unit is found in the 
NMR spectra of dithioborate compounds in the lithium, sodium, and potassium thioborate 
systems, which show that the dithioborate structure consists entirely of tetrahedrally 
coordinated borons. The dithioborate unit alone, however, cannot account for all of the 
tetrahedral borons present in the glasses, and so an additional structural rearrangement is 
also proposed. This rearrangement utilizes sulfur from the skeleton itself in the 
162 
formation of additional tetrahedral borons. While there is no direct evidence for this 
structural rearrangement, it does explain the high tetrahedral boron fractions observed in 
Na2S + B2S3 glasses in a way that other models cannot. 
The N4 fractions observed in the alkali thioborate glasses were found to decrease 
for a given composition as the alkali ion became larger, a trend also observed in alkali 
borate glasses. Mixed alkali thioborate glasses were found to have N4 fractions that fell 
on the average value of those of the single alkali glasses. Mixed alkali borate glasses, on 
the other hand, have N4 fractions which tend to be lower than the average value of the 
single alkali glasses, and in some cases, lower than both single alkali N4 fractions. This 
indicates that the mixed alkali effect does not manifest itself structurally in alkali thioborate 
glasses as it does in their oxide analogs. 
Linewidth measurements performed on the NMR spectra of Na2S + and 
K2S + B2S3 glasses showed no dependence of linewidth on composition, indicating that 
only one type of tetrahedral boron site exists in the thioborate glasses. 
^^Na NMR experiments on the Na2S + glasses revealed a weak chemical shift 
dependence on composition, chemical shifts becoming more positive as Na2S content 
increases. In the compounds, sodiums near tetrahedral borons were found to be 
distinguishable from sodiums near non-bridging sulfurs. 
NMR experiments on K2S + glasses yielded no structural information, 
chemical shifts remaining constant over the entire range of compositions studied. 
It was hypothesized that the basic structural units in the alkali thioborate glasses 
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should be similar to those already observed in the alkali borate systems. The ^ % NMR 
work has shown that this is indeed the case: the short range order of the two systems is 
similar, both containing three- and four-coordinated borons in varying quantities. It was 
also hypothesized that some kind of structural differences should be observed to account 
for the differences seen in such structurally dependent physical properties as the glass 
transition temperature. NMR has also revealed that such differences do exist, the 
higher fractions of tetrahedral borons present in the alkali thioborate glasses indicating the 
presence of structural units not found in the alkali borates. Evidence for this is also seen 
in the spectra of the dithioborate compounds, in which all of the borons appear to be 
tetrahedrally coordinated, as opposed to the diborate compounds, where only half of the 
borons are tetrahedrally coordinated. 
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APPENDIX A: SOURCE CODE FOR THE N4 PROGRAM 
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// #include and #define statements for N4 program 
// all.h -- this file includes macro constants and include 
// files for the functions in the N4 program. 
#define RESET_MOUSE 0 // 
#define SHOW_MOUSE 1 // 
#define HIDE_MOUSE 2 
#define GET_MOUSE_STATUS 3 
#define SET_MOUSE_COORD 4 
#define CHECK_BUTTON_PRESS 5 
#define CHECK_BUTTON_RELEASE 
#define GET_MOUSE_MOVEMENT 11 
#define LEFT_BUTTON 0 
#define RIGHT_BUTTON 1 
#define EITHER_BUTTON 2 
#define MAX_OBJECTS 50 
#define ICON 1 
#define TEXT 2 
#define USER 3 
#define ICONW 32 
#define ICONH 41 
#define TRUE 1 
#define FALSE 0 
#define NUMWINDOWS 10 // 
#define ARMAX 1000 // 
#define BUFSIZE 40 
#define CR 13 
#define BS 8 
#define ESC 27 
#define ERASERSIZE 6 
macro constants used in mouse 
utilities 
use left button 
use right button 
use either button 
maximum number of objects 
icon object 
text object 
user-defined object 
allows a max of 10 popup windows 
maximum size of data array 
#include 
#include 
#include 
#include 
#include 
#include 
#include 
#include 
finclude 
#include 
<stdio.h> 
<graphics.h> 
<stdlib.h> 
<stdarg.h> 
<alloc.h> 
<math.h> 
<dos.h> 
<process.h> 
<conio.h> 
<string.h> 
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// allf.h — this file contains function prototypes used in 
// N4 program 
// FUNCTION PROTOTYPES FOR MOUSE UTILITIES 
void mouse(int *ml, int *m2, int *m3, int *m4); 
int resetmouse(void); 
void movemouse^nt x, int y) ; 
int initmouse(void); 
void getmousecoords(int *x, int *y); 
void hidemouse(void); 
void showmouse(void); 
void getmousemovement(int *x, int *y); 
int mousebuttonreleased(int whichbutton); 
int mousebuttonpressed(int whichbutton); 
int testbutton(int testtype, int whichbutton); 
int mouseinbox(int left, int top, int right, int bottom, 
int X, int y); 
int getinput(int whichbutton); 
int waitforinput(int whichbutton); 
// FUNCTION PROTOTYPES FOR OOP UTILITIES 
void add_object(unsigned objtype, int code, int left, int 
top, int right, int bottom, void (*fcn)()); 
void anytoprocess(int c); 
void read icon(int x, int y, char *filename); 
// FUNCTION PROTOTYPES FOR POP-UP WINDOWS UTILITY 
int savewindow(int left, int top, int right, int bottom); 
int gpopup(int left, int top, int right, int bottom, 
int bordertype,int bordercolor, int backfill, 
int backcolor); 
int gunpop(void); 
void unpopallwindows(void); 
void initgwindows(void); 
// FUNCTION PROTOTYPES FOR MENU-BAR FUNCTIONS 
void setup_screen(void); 
void newfile(void); 
void calculate(void); 
void restore(void); 
void quit(void); 
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// FUNCTION PROTOTYPES FOR DRAWING FUNCTIONS 
void pencil(void); 
void drawlines(void); 
void erase(void); 
void fill(int color); 
void bkfill(void); 
void a3fill(void); 
void a4fill(void); 
// FUNCTION PROTOTYPES FOR DATA MANIPULATION ROUTINES 
int read_data_file(long int data[][2], char *file); 
void plot_data(long int data[][2], int points); 
void world_to_pc(long int xw, long int yw, int *xpc, 
int *ypc); 
void set_window(long int xmin, long int xmax, long int ymin, 
long int ymax); 
void set_viewport(long int x_min, long int xmax, 
long int y_min, long int y_max); 
void clear data(void); 
// FUNCTION PROTOTYPES FOR GRAPHICS-BASED TEXT UTILITIES 
int gprintf(char *fint, ...)/ 
int gprintfxy(int xloc, int yloc, char *fmt, ...)/ 
int ggetche(void); 
int gputch(int c); 
char *ggets(char *buffer); 
int gscanfxy(int locx, int locy, char *fmt, ...)/ 
int gscanf(char *fmt, ...); 
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// SOURCE CODE FOR THE N4 PROGRAM 
#include "ail.h" 
#include "allf.h" 
// includes & defines 
// function prototypes 
struct GRAPHICSWINDOW { 
int vleft, vtopf vright, vbottom; 
int cpx, cpy; 
char *savearea; 
int drawcolor; };  
struct OBJECT { 
unsigned objtype; 
int accesscode; 
int left/ top; 
int right, bottom; 
void (*fcn)(void); 
}; 
// 
// 
// pixel bounds of 
// parent window 
// cursor location in 
// parent window 
pointer to the saved window 
current drawing color 
// the type of object 
// the access keycode 
// screen boundary of 
// the object selected 
// function to execute 
struct OBJECT objlist[MAX_OBJECTS]; // the list of objects 
struct GRAPHICSWINDOW *windowstack[NUMWINDOWS]; 
void reverse_icon(struct OBJECT *obj); 
int maxx; 
int maxy; 
int objnum = 0; 
int mouseexists; 
int gwindowptr; 
stack 
int h, offset; 
long int wl, wt, 
static double a. 
// index to next available object slot 
// Internal variable set to true if a 
// mouse driver is detected during 
// initialization. 
// points to next avaialable location on 
wr, wb; 
b, c, d; 
long int xvl, xvr, yvt, 
long int xwl, xwr, ywt, 
double aspectratio; 
int globalfillcolor; 
int globallinestyle; 
int globaldrawcolor; 
int globalfillstyle; 
long int data[ARMAX][2]; 
int points; 
// 
// 
// 
yvb; 
ywb; 
// 
// 
used in world_to_pc, 
set_viewport, 
and set window functions 
variables used to hold current 
color and line-style settings 
// array to hold data points 
// number of data points in a file 
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int main(void) 
{ 
extern maxx, maxy; 
int c; 
int gmode = VGAHI; 
int gdriver = VGA; 
initgraph(&gdriver, Sgmode, 
maxx = getmaxx(); 
maxy = getmaxy(); 
setup screen(); 
initmouse(); 
do 
{ 
c = waitforinput(LEFT_BUTTON); 
anytoprocess(c); 
} 
while (c != 0); 
hidemouse(); 
closegraph(); 
return(O); 
// SETUP_SCREEN() 
// sets up the screen environment for the N4 program 
void setup_screen(void) 
{ 
int i, X, space; 
extern long int wl, wt, wr, wb; 
extern int maxx, maxy; 
extern int h, offset; 
int errornum; 
// draw main menu bar across screen. Each word in menu bar 
// will act as an icon, and so must also be added to the 
// object list. 
settextstyle(SANS_SERIF_FONT, HORIZ_DIR, 3); 
if ((errornum=graphresult())!=grOk) 
{ 
closegraph(); 
printf("Graphics error: %s\n", grapherrormsg(errornum)); 
exit(l); 
} 
h = textheight("H") + 4; 
rectangle (0, 0, maxx, h); 
outtextxy(150, 2, "File Calculate Restore Quit"); 
space = textwidth(" "); 
offset = 150; 
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add_object(ICON, 'f, offset, 1, offset + 
textwidth("File"), h, newfile); 
offset += textwidth("File") + space; 
add_object(ICON, 'c', offset, 1, offset + 
textwidth("Calculate"), h, calculate); 
offset += textwidth("Calculate") + space; 
addobject(ICON, 'r', offset-6, 1, offset + 
textwidth("Restore"), h, restore); 
offset += textwidth{"Restore") + space; 
addobject(ICON, 'q', offset-8, 1, offset + 
textwidth("Quit"), h, quit); 
// Draw icons on the left side of the screen 
read_icon(0, h, "pencil.icn"); 
add_object(ICON, 'p', 0, h, IC0NW*2, h+ICONH, pencil); 
read_icon(IC0NW*2, h, "line.icn"); 
add_object(ICON, '1', IC0NW*2, h, IC0NW*4, h+ICONH, 
drawlines); 
read icon(0, h+ICONH, "erase.icn"); 
add_object(ICON, 'a', 0, h+ICONH, IC0NW*2, h+2*IC0NH, 
erase); 
read_icon(IC0NW*2, h+ICONH, "bkfill.icn"); 
add_object(ICON, 'b', IC0NW*2, h+ICONH, IC0NW*4, h+2*IC0NH, 
bkfill); 
read icon(0, h+2*IC0NH, "a3fill.icn"); 
add_object(ICON, '3', 0, h+2*IC0NH, IC0NW*2, h+3*IC0NH, 
a3fill); 
read_icon{ICONW*2, h+2*IC0NH, "a4fill.icn"); 
add_object(ICON, '4', IC0NW*2, h+2*IC0NH, IC0NW*4, 
h+3*IC0NH, a4fill); 
read icon(0, h+3*IC0NH, "newfunl.icn"); 
readicon(IC0NW*2, h+3*IC0NH, "newfun2.icn"); 
settextstyle(SANS_SERIF_FONT, HORIZ_DIR, 1); 
outtextxy(6, h+3*ICONH+5, "New Function"); 
outtextxy(20, h+2*ICONH+10, "A3"); 
outtextxy(20+2*ICONW, h+2*ICONH+10, "A4"); 
// Draw main area window where drawing functions will 
// operate 
w l  =  I C O N W  * 4 + 2 + 1 ;  
wt = h + 2 + 1; 
wr = maxx - 1; 
wb = maxy - 1; 
rectangle(wl-1, wt-1, wr+1, wb+1); 
globalfillstyle = SOLID_FILL; 
globallinestyle = SOLID_LINE; 
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Il READ ICON() 
Il Reads an icon from a file and displays it. Quits program 
// if icon file cannot be found. 
void readicon(int x, int y, char *filename) 
{ 
FILE *iconfile; 
int i, j; 
int width, height; 
char iconpixel[5]; 
if ((iconfile = fopen(filename, "r")) == NULL) 
{ 
closegraph(); 
printf("Could not find icon file %s\n", filename); 
exit(1); 
} 
fscanf(iconfile, "%d%d", &width, &height); 
if (width != ICONW || height != ICONH) 
{ 
closegraph(); 
printf("Incompatible icon file\n"); 
exit(1); 
} 
for (j = 0; j < ICONH; j++) 
for (i = 0; i < ICONW; i++) { 
fscanf(iconfile, "%s", iconpixel); 
putpixel(2*i+x, y+j, atoi(iconpixel)); 
putpixel(2*i+l+x, y+j, atoi(iconpixel)); 
} 
fclose(iconfile); 
} 
// ADD_OBJECT() 
// adds objects to the icon list 
void add_object(unsigned objtype, int code, int left, 
int top, int right, int bottom, void (*fcn)()) 
{ 
extern int objnum; 
if (objnum >= MAX_OBJECTS) 
return; // no more room in list 
objlist[objnum].objtype = objtype; 
objlist[objnum].accesscode = code; 
objlist[objnum].left = left; 
objlistfobjnum].top = top; 
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objlist[objnum].right = right; 
objlist[objnumj.bottom = bottom; 
objlist[objnum].fen = fen; 
objnum++; 
} 
// THE BAR FUNCTIONS 
// FILE MANIPULATION FUNCTIONS 
// NEWFILEO 
// Pops up a window which asks for filename, then accepts 
// keyboard input. Retrieves the requested file and reads 
// the data points into an array. Clears the drawing area 
// and then calls the plot data() function to plot the 
// points onto the screen. 
void newfile(void) 
{ 
extern int points; 
extern long int data[ARMAX][2]; 
extern int h, offset; 
extern long int wl, wt, wr, wb; 
char filename[40]; 
hidemouse(); 
gpopup(150, h+4, 400, 5*h, SOLID_LINE, 15, SOLID_FILL, 7); 
settextstyle(SANS_SERIF_FONT, HORIZ_DIR, 2); 
outtextxy(10, h/2, "File to open: "); 
gscanfxy(10, 2*h, "%s", filename); 
points = read_datafile(data, filename); 
gunpop{); 
clear_data(); 
plot data(data, points); 
showmouse(); 
} 
// READDATAFILE() 
// Takes the name of the data file and the name of the array 
// to read it into and returns the number of data points 
// read into the array. 
int readdatafile(long int data[][2], char *file) 
{ 
char temp[15]; 
int num = 0; 
FILE *fp; 
if ((fp = fopen(file, "r")) == NULL) 
{ 
closegraph(); 
printf("Can't open %s\n", file); 
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exit(1); 
} 
while ((fscanf(fp, "%s", &temp) == 1) && num < ARMAX) 
{ 
data[num][0] = atol(temp); 
fscanf(fp, "%s", fittemp); 
data[num][1] = atol(temp); 
num++; 
} 
if (fclose(fp) != 0) 
{ 
closegraph(); 
fprintf(stderr, "Error closing file\n"); 
} 
return num; 
// PLOT_DATA() 
// plots data from data file onto drawing screen 
void plot_data(long int data[][2], int points) 
{ 
int count; 
int xpc, ypc; 
extern long int wl, wt, wr, wb, yvb, yvt; 
long int xmin = data[l][0]; 
long int xmax = data[l][0]; 
long int ymin = data[l][l]; 
long int ymax = data[l][l]; 
for (count = 0; count < points; count++) 
{ 
if (data[count][0] < xmin) 
xmin = data[count][0] ; 
if (data[count][0] > xmax) 
xmax = data[count][0]; 
if (data[count][1] < ymin) 
ymin = data[count][1]; 
if (data[count][1] > ymax) 
ymax = data[count][1] ; 
} 
set_window(xmin, xmax, ymin, ymax); 
set_viewport(wl+3, wr-3, wt+3, wb-3); 
world_to_pc(data[0][0], data[0][l], &xpc, &ypc); 
moveto(xpc, (yvt+yvb)-ypc); 
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for (count = 1; count < points; count++) 
{ 
world_to_pc(data[count][0], data[count][1], &xpc, &ypc); 
lineto(xpc, (yvt+yvb)-ypc); 
} 
// WORLD_TO_PC() 
// converts a world coordinate to a screen coordinate 
void worldto_pc(long int xw, long int yw, int *xpc, int 
*ypc) 
{ 
extern double a, b, c, d; 
*xpc = (int)(a * xw + b); 
*ypc = (int)(c * yw + d); 
// SET_WINDOW() 
// Defines the window used in real world coordinates 
void set_window(long int xmin, long int xmax, long int ymin, 
long int ymax) 
{ 
xwl = xmin; 
xwr = xmax; 
ywb = ymin; 
ywt = ymax; 
} 
// SET_VIEWPORT() 
// defines the region on the screen which world objects are 
// mapped to 
void set_viewport(long int x_min, long int x_max, 
long int y_min, long int y_max) 
extern long int xwl, xwr, ywb, ywt; 
extern double a, b, c, d; 
xvl = xmin; 
xvr = xmax; 
yvb = ymin; 
yvt = ymax; 
a = (double)(xvr - xvl) / (double)(xwr - xwl); 
b = (double)(xvl - a * xwl); 
c = (double)(yvt - yvb) / (double)(ywt - ywb); 
d = (double)(yvb - c * ywb); 
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// CLEAR_DATA() 
// Clears the drawing window so a new data file can be 
// plotted 
void clear data(void) 
setviewport(wl, wt, wr, wb, 1); 
clearviewport(); 
setviewport(0, 0, maxx, maxy, 1); 
II CALCULATE 0 
II Calculates the fraction of four coordinated borons 
// present by counting the number of pixels of each color on 
// the screen. 
void calculate(void) 
{ 
extern long int wl, wr, wt, wb; 
int i, j; 
unsigned long int countthree = 0; 
unsigned long int countfour = 0; 
float n4; 
hidemouse(); 
read icon(Of h+5*IC0NH, "newfunl.icn"); 
read icon(IC0NW*2, h+5*IC0NH, "newfun2.icn"); 
settextstyle(SANS_SERIF_FONT, HORIZ_DIR, 1); 
outtextxy(6, h+5*ICONH+5, "Working..."); 
setviewport(wl, wt, wr, wb, 1); 
for (j = 0; j < wb-wt; j++) 
for (i = 0; i < wr-wl; i++) 
{ 
if (getpixel(i,j) == RED) 
countthree++; 
if (getpixel(i,j) == BLUE) 
countfour++; 
} 
setviewport(0, 0, maxx, maxy, 1); 
settextstyle(SANS_SERIF_FONT, HORIZ_DIR, 1); 
n4 = (float)countfour/(float)(countfour + countthree); 
read icon(0, h+5*IC0NH, "black.icn"); 
read_icon(IC0NW*2, h+5*IC0NH, "black.icn"); 
gpopup(200, 200, 400, 300, SOLID_LINE, 7, SOLID_FILL, 0); 
settextstyle(SANS_SERIF_FONT, HORIZ_DIR, 1); 
gprintfxy(10, 10, "N4 = %.3f", n4); 
gprintfxy(10, 35, "<press any key>"); 
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getch(); 
gunpop(); 
showmouse(); 
// RESTORE 0 
// Clears the screen of all data and drawings, and re-plots 
// the last data file called. 
void restore(void) 
{ 
hidemouse(); 
clear data(); 
plot data(data, points); 
showmouse(); 
} 
// QUITO 
// This is the only way out of the program unless the system 
// crashes. 
void quit(void) 
{ 
hidemouse(); 
closegraph(); 
exit(O); 
} 
// PENCILO 
// This routine emulates a pencil. While the left mouse 
// button is pressed, it will draw a trail of connected 
// lines. When the mouse button is released, no drawing 
// occurs. To avoid unnecessary drawing, lines are only 
// drawn when the mouse's position changes. 
void pencil(void) 
{ 
extern long int wl, wt, wr, wb; 
extern int globallinestyle; 
int X, y, oldx, oldy; 
setviewport(wl, wt, wr, wb, 1); 
setcolor(15) ; 
while(l) 
{ 
while (!mousebuttonpressed(LEFT_BUTTON)); 
getmousecoords(&x, &y); 
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} 
if (x < wl II y > wb) // If mouse location outside of { 
setviewport(0, 0, 
return; 
} 
oldx = x; 
oldy = y; 
moveto(x-wl, y-wt); 
// window restore view-port to 
// full screen and exit 
getmaxxO, getmaxy( ), 1); 
// set current positions to 
// where drawing line begins 
while (!mousebuttonreleased(LEFT_BUTTON)) 
// as long as mouse button is 
{ // pressed, get its location 
getmousecoords(&x, &y); 
if (x != oldx II y != oldy) 
{ 
hidemouse(); 
lineto(x-wl, y-wt); 
showmouse(); 
oldx = x; 
oldy = y; 
} 
// 
// 
// 
if location has 
changed draw a 
line to it 
// save mouse locations 
} 
// DRAWLINESO 
// Draw a line while from where the left mouse button is 
// pressed the first time to where it is pressed the second 
// time. 
void drawlines(void) 
{ 
int xl, yl, x2, y2; 
extern long int wl, wr, wt, wb; 
extern int globallinestyle; 
setviewport(wl, wt, wr, wb, 1); 
setlinestyle(globallinestyle, 0, NORM_WIDTH); 
setcolor(15); 
while(1) 
{ 
while (!mousebuttonpressed(LEFTBUTTON)); 
getmousecoords(&xl, &yl); 
if (xl < wl II yl > wb) 
{ 
setviewport(0, 0, getmaxx(), getmaxy(),1); 
return; 
} 
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while {!mousebuttonpressed(LEFT_BUTTON)) 
getmousecoords(&x2, &y2); 
hidemouse(); 
line(xl-wl, yl-wt, x2-wl, y2-wt); 
showmouse(); 
} 
} 
// ERASE0 
// This routine sets a small block of screen to the 
// background color. The erasing is done by drawing a 
// filled bar at the current mouse location as long as the 
// left mouse button is pressed. 
void erase(void) 
{ 
int X, y, oldx, oldy; 
extern long int wl, wt, wr, wb; 
setviewport(wl, wt, wr, wb, 1); // set v.p. to draw color 
setcolor(getbkcolor()); // use background color to erase 
setfillstyle(SOLID_FILL, getbkcolor()); 
while(1) 
{ 
while (!mousebuttonpressed(LEFT_BUTTON)); 
getmousecoords{&x, &y); 
if (x < wl II y > wb) 
{ 
setviewport(0, 0, getmaxx(), getmaxy(), 1); 
return; 
} 
oldx = x; 
oldy = y; 
hidemouse(); 
bar(x-wl, y-wt, x-wl+ERASERSIZE, y-wt+ERASERSIZE); 
showmouse(); 
while(!mousebuttonreleased(LEFT_BUTTON)) 
{ 
getmousecoords(&x, &y); 
if (x != oldx I I y != oldy) 
{ 
hidemouse(); 
bar(x-wl, y-wt, x-wl+ERASERSIZE, y-wt+ERASERSIZE); 
showmouse(); 
oldx = x; 
oldy = y; 
} 
} 
} 
} 
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// FILL ROUTINES 
// These routines set the fill color depending on which icon 
// had been selected. 
void a3fill(void) 
{ 
int color = 4; 
fill(color); 
} 
void a4fill(void) 
{ 
int color = 1; 
fill(color); 
} 
void bkfill(void) 
{ 
int color = 0; 
fill(color); 
} 
// FILL() 
// Uses BGI floodfill function to fill area using mouse 
// coordinates as seed. 
void fill(int color) 
{ 
int X, y; 
extern long int wl, wr, wt, wb; 
extern int globalfillstyle; 
setviewport(wl, wt, wr, wb, 1); 
setfillstyle(globalfillstyle, color); 
while(1) 
{ 
while (!mousebuttonpressed(LEFT_BUTTON)); 
getmousecoords(&x, &y); 
if (x < wl II y > wb) 
{ 
setviewport(0, 0, getmaxx(), getmaxy(),1); 
return; 
} 
hidemouse(); 
floodfill(x-wl, y-wt, 15); 
showmouse(); 
} 
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// ANYTOPROCESS() 
// after a button press, search the icon list to see if the 
// mouse is positioned over an object. If it is, execute 
// the function associated with that object. If the object 
// is an icon, highlight it by calling reverse_icon{). 
void anytoprocess (int c) 
{ 
int i, X, y; 
extern int objnum; 
if (c > 0) // access code is supplied 
{ 
for (i = 0; i < objnum; i++) 
if (objlist[i].accesscode == c) 
{ 
if (objlist[i].objtype == ICON) 
reverse icon(&objlist[i]); 
// execute the object function 
(*objlist[i].fen)(); 
if (objlist[i].objtype == ICON) 
reverse_icon(&objlist[i]); 
return; 
} 
} 
else if (c < 0) // mouse button pressed 
{ 
getmousecoords(&x, &y); 
for (i = 0; i < objnum; i++) 
{ 
if (mouseinbox(objlist[i].left, objlist[i].top, 
objlist[i].right, objlistfi].bottom, x, y)) 
{ 
if (objlist[i].objtype == ICON) 
reverseicon(&objlist[i]); 
// execute the object function 
(*objlist[i].fen)(); 
if (objlist[i].objtype == ICON) 
reverse_icon(&objlist[i]); 
return; 
} 
} 
} 
} 
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// REVERSE_ICON() 
// highlight the selected icon by reversing its image 
void reverseicon(struct OBJECT *obj) 
{ 
unsigned char *iconbuff; 
iconbuff = malloc(imagesize(obj -> left, obj > top, 
obj -> right, obj -> bottom)); 
if (iconbuff == NULL) 
return; // not enough memory 
hidemouse(); 
getimage(obj -> left, obj -> top, obj -> right, 
obj -> bottom, iconbuff); 
putimage(obj -> left, obj > top, iconbuff, NOT_PUT); 
showmouse(); 
free(iconbuff); 
// THE MOUSE ROUTINES 
// These routines are based on the mouse tools found in 
// "Power Graphics Using Turbo C" by K. Weiskamp, L. Heiny, 
// and N. Shammas; Wiley, 1989; New York. 
// 
// MOUSE 0 
// This routine provides the communication between the mouse 
// driver and an application program. There are several 
// predefined mouse functions supported by the Microsoft 
// mouse. Parameters are sent back and forth to the mouse 
// driver via the ax, bx, cx, and dx registers. 
void mouse(int *ml, int *m2, int *m3, int *m4) 
{ 
union REGS inregs, outregs; 
inregs.x.ax = *ml; 
inregs.x.bx = *m2; 
inregs.x.cx = *m3; 
inregs.x.dx = *m4; 
int86(0x33, Sinregs, soutregs); 
*ml = outregs.X.ax; 
*m2 = outregs.x.bx; 
*m3 = outregs.x.cx; 
*m4 = outregs.x.dx; 
} 
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// INITMOUSEO 
// This routine should be called at the beginning of a 
// program, after the graphics adaptor has been initialized. 
// It will initialize the mouse and display the mouse cursor 
// at the top left of the screen. 
int initmouse(void) 
{ 
int gmode; 
char far *memory = (char far *)0x004000049L; 
mouseexists = TRUE; // 
if (resetmouse()) 
{ 
gmode = getgraphmode(); 
if (gmode == HERCMONOHI) 
{ 
*memory = 0x06; 
resetmouse(); 
} 
movemouse(0,0); // 
showmouse(); // 
return(l); // 
} 
else 
{ 
mouseexists = FALSE; // 
return(O); // 
} 
If mouse reset okay, assume 
// mouse exists. Test if 
// Hercules is used. If so, 
// patch memory location 
// 40h:49h with 6. 
Mouse exists and draw the 
cursor on the screen at (0,0) 
Return a success flag. 
calling function will have to 
deal with this case 
// RESETMOUSE0 
// Resets the mouse cursor to; screen center, mouse hidden, 
// using arrow cursor and with minimum and maximum ranges 
// set to full virtual screen dimensions. If a mouse driver 
// exists, this function returns a -1, otherwise it returns 
// a zero. 
int resetmouse(void) 
{ 
int ml, m2, m3, m4; 
ml = RESET_MOUSE; 
mouse(&ml, &m2, &m3, &m4); 
return(ml); 
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// MOVEMOUSEO 
// Moves the mouse to the location (x,y) 
void movemouse(int x, int y) 
int ml, m2; 
ml = SET_MOUSE_COORD; 
if (getmaxx() == 319) // 
X *= 2; // 
mouse(&ml, &m2, &x, &y); // 
Adjust between virtual and 
actual coordinates if 
necessary. 
// HIDEMOUSEO 
// Removes mouse cursor from the screen. This function is 
// called before anything is written or drawn to the screen. 
// Showmouse() is used to restore the mouse to the screen. 
// The mouse movement will be maintained while the mouse is 
// not visible. 
void hidemouse(void) 
{ 
int ml, m2, m3, m4; 
ml = HIDE_MOUSE; // Invoke the hide mouse function 
mouse(&ml, &m2, &m3, &m4); 
} 
// SHOWMOUSEO 
// Displays the mouse cursor. 
void showmouse(void) 
{ 
int ml, m2, m3, m4; 
ml = SHOW_MOUSE; 
mouse(&ml, &m2, &m3, &m4); 
} 
// GETMOUSECOORDS() 
// Get current location of the mouse cursor 
void getmousecoords(int *x, int *y) 
{ 
int ml, m2; 
ml = GET_MOUSE_STATUS; 
mouse(&ml, &m2, x, y); 
if (getmaxx{) == 319) 
(*x) /= 2; // Adjusts for virtual mouse 
} // coordinates 
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// GETMOUSEMOVEMENT() 
// Finds out how far the mouse has moved since the last call 
// to this function. 
void getmousemovement(int *x, int *y) 
{ 
int ml, m2; 
ml = GET_MOUSE_MOVEMENT; 
mouse(&ml, &m2, x, y); 
if (getmaxx() == 319) 
(*x) /= 2; // Adjusts for virtual mouse 
} // coordinates 
// MOUSEBUTTONRELEASEDO 
// Test if a button has been released since the last call to 
// this function. If so, return 1, otherwise return 0. 
int mousebuttonreleased(int whichbutton) 
{ 
return (testbutton(CHECK_BUTTON_RELEASE, whichbutton)); 
} 
// MOUSEBUTTONPRESSEDO 
// Return a 1 if the mouse button specified has been pressed 
// since the last check with this function. If the button 
// has not been pressed return a zero. 
int mousebuttonpressed(int whichbutton) 
{ 
return testbutton(CHECK_BUTTON_PRESS, whichbutton); 
} 
// TESTBUTTON0 
// Called by mousebuttonpressed() and mousebuttonreleased() 
II to explicitly test the mouse button states. The function 
// returns TRUE if the specified mouse button (in 
// whichbutton) performed the specified action (as indicated 
// by testtype). Otherwise the function returns FALSE which 
// means that the action tested for did not occur. 
int testbutton(int testtype, int whichbutton) 
{ 
int ml, m2, m3, m4; 
ml = testtype; 
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if (whichbutton == LEFT_BUTTON || whichbutton == 
EITHERBUTTON) 
{ 
m2 = LEFT_BUTTON; 
mouse(&ml, &m2, &m3, &m4); 
i f  (m2)  
return (TRUE); // Return TRUE if the action occurred 
if (whichbutton == RIGHT_BUTTON || whichbutton == 
EITHER_BUTTON) 
{ 
ml = testtype; 
m2 = RIGHT_BUTTON; 
mouse(&ml, &m2, &m3, &m4); 
if (m2) 
return(TRUE); // Return TRUE if the action occurred 
} 
return(FALSE); // Return FALSE as a catch all 
} 
// MOUSEINBOXO 
// Test if the mouse cursor is within the box specified. 
// Returns TRUE if the mouse is in the box; returns FALSE 
// otherwise. 
int mouseinbox(int left, int top, int right, int bottom, int 
X, int y) 
{ 
return((x >= left && x <= right && y >= top && 
y <= bottom) ? 1 : 0); 
} 
// GETINPUTO 
// Returns a -1 if a mouse button has been pressed, or a 
// zero if it has not. 
int getinput(int whichbutton) 
{ 
if (mousebuttonpressed(whichbutton)) 
{ 
while (!mousebuttonreleased(whichbutton)); 
return(-l); 
} 
else if (mousebuttonreleased(whichbutton)) 
return(-l); 
return(O); 
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// WAITFORINPUT() 
// Continue to call getinput() until a button has been 
// pressed 
int waitforinput(int whichbutton) 
{ 
int c; 
while ((c = getinput(whichbutton)) == 0); 
return(c); 
} 
// POP-UP WINDOWS ROUTINES 
// These routines are based on the pop-up windows tools 
// found in "Power Graphics Using Turbo C" by K. Weiskamp, 
// L. Heiny, and N. Shammas; Wiley, 1989; New York. 
// SAVEWINDOWO 
// Pushes the graphics window onto the window stack. This 
// is an internal routine to save the area where the window 
// is supposed to appear. This routine will return a one if 
// successful and zero if not. The latter case may occur if 
// there isn't enough memory to save the screen or if the 
// stack is full. 
int savewindow(int left, int top, int right, int bottom) 
{ 
windowstack[gwindowptr] -> savearea = 
malloc(imagesize(left, top, right, bottom)); 
if (windowstack[gwindowptr] -> savearea == NULL) 
return (0); // not enough memory to save screen 
getimage(left, top, right, bottom, 
windowstack[gwindowptr]->savearea); 
return (1); // return a success flag 
} 
// GPOPUPO 
// Call this routine to pop up a window in graphics mode. 
// This routine returns a one if successful and zero if not. 
// The routine may not be able to pop up a window if it 
// requires too much memory; this may occur in some high 
// resolution modes. 
int gpopup(int left, int top, int right, int bottom, 
int bordertype, int bordercolor, int backfill, 
int fillcolor) 
{ 
struct viewporttype oldview; 
int oldx, oldy, savecolor; 
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struct linesettingstype saveline; 
struct fillsettingstype savefill; 
if (gwindowptr >= NUMWINDOWS) 
return(O); // stack is full 
if ((windowstack[gwindowptr] = (struct GRAPHICSWINDOW *) 
malloc(sizeof(struct GRAPHICSWINDOW))) == NULL) 
return(O); // not enough memory for window structure 
getviewsettings(Soldview); // save the view settings and 
oldx = getx(); // position so that we can 
oldy = gety(); // temporarily switch the 
// viewport to full screen 
setviewport(0, 0, getmaxx(), getmaxy(), 1); 
// save current drawing parameters before drawing window. 
// This does not support user-defined line styles or fill 
// patterns. 
getlinesettings(&saveline); 
savecolor = getcolor(); 
getfillsettings(&savefill); 
if (savewindow(left, top, right, bottom) == 0) 
// ie. savescreen failed 
{ 
setviewport(oldview.left, oldview.top, oldview.right, 
oldview.bottom, 1); 
moveto(oldx, oldy); 
free(windowstack[gwindowptr]); 
return (0); // return failure flag 
} 
setcolor(bordercolor); // set graphics parameters for 
setlinestyle(bordertype, 0, NORM_WIDTH); // the window to 
setfillstyle(backfill, fillcolor); // be displayed. 
bar3d(left, top, right, bottom, 0,0); 
setviewport(left, top, right, bottom, 1); 
// save the current state of all settings on the stack 
windowstack[gwindowptr] -> vleft = oldview.left; 
windowstack[gwindowptr] -> vtop = oldview.top; 
windowstack[gwindowptr] > vright = oldview.right; 
windowstack[gwindowptr] > vbottom = oldview.bottom; 
windowstack[gwindowptr] > cpx = oldx; 
windowstack[gwindowptr] -> cpy = oldy; 
windowstack[gwindowptr] -> drawcolor = savecolor; 
gwindowptr++; // increment the stack pointer 
// restore drawing parameters 
setlinestyle(saveline.linestyle, saveline.upattern, 
saveline.thickness); 
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setcolor(savecolor); 
setfillstyle(savefill.pattern, savefill.color); 
return (1); // return success flag 
// GUNPOPO 
// Removes the current graphics window from the screen 
int gunpop(void) 
{ 
struct GRAPHICSWINDOW *wptr; 
if (gwindowptr <= 0) // if at bottom of stack, quit 
return (0); 
gwindowptr—; // access most recently 
wptr = windowstack[gwindowptr]; // processed window 
// structure 
putimage(0, 0, wptr -> savearea, COPYPUT); 
// restore screen image 
// restore view settings 
setviewport(wptr > vleft, wptr -> vtop, wptr -> vright, 
wptr -> vbottom, 1); 
moveto(wptr -> cpx, wptr -> cpy); 
setcolor(wptr -> drawcolor); 
free(wptr -> savearea); // free stack structure & screen 
free(windowstack[gwindowptr]); // free memory used to save 
// screen 
return (1); // return a success flag 
// UNPOPALLWINDOWS() 
// Removes all popped up windows that currently exist. 
void unpopallwindows(void) 
{ 
while(gunpop()); 
} 
// INITGWINDOWS() 
// Call this routine before any other calls to the functions 
// in the window package. It initializes the window stack 
// pointer to the first available stack location. 
void initgwindows(void) 
{ 
gwindowptr = 0; 
} 
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// GRAPHICS BASED TEXT ROUTINES 
// These routines are based on the graphics-based text tools 
// found in "Power Graphics Using Turbo C" by K. Weiskamp, 
// L. Heiny, and N. Shammas; Wiley, 1989; New York. 
// GPRINTFXYO 
// A graphics based printf() function. It will print the 
// output at location xloc, yloc. It does not affect the 
// current position. Assumes LEFT_TEXT and HORIZDIR 
// justification. 
int gprintfxy(int xloc, int yloc, char *fmt, ...) 
{ 
va list argptr; // pointer to argument list 
char str[BUFSIZE]; // buffer to build string into 
int cnt; // result of sprintf conversion 
struct fillsettingstype oldfill; // current fill setting 
char userfillpattern[8]; // current user fill pattern 
va_start(argptr, fmt); // initialize va_ function 
cnt = vsprintf(str, fmt, argptr); // prints string to 
// buffer 
if (str[0] == NULL) 
return (0); 
// clear the space where the text is to be printed 
getfillsettings(&oldfill); 
if (oldfill.pattern == USER_FILL) 
getfillpattern(userfillpattern); 
setfillstyle(SOLID_FILL, getbkcolor()) ; 
bar(xloc, yloc, xloc + textwidth(str), yloc + 
textheight("H")*5/4); 
if (oldfill.pattern == USER_FILL) 
setfillpattern(userfillpattern, oldfill.color); 
else 
setfillstyle(oldfill.pattern, oldfill.color); 
outtextxy(xloc, yloc, str); // write string to screen 
va_end(argptr); // terminate va_ functions 
return (cnt); // return the conversion 
// count 
} 
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// GPRINTFO 
// A graphics based printf function. It will update the 
// current position. Assumes LEFT_TEXT and HORIZ DIR 
// justification. 
int gprintf(char *fmt, ...) 
{ 
va list argptr; // pointer to argument list 
char str[BUFSIZE]; // buffer to build string into 
int cnt; // result of sprintf conversion 
struct fillsettingstype oldfill; // current fill setting 
char userfillpattern[8]; // current user-fill pattern 
int xloc, yloc; // current position 
va start(argptr^ fmt); // initializes va_ function 
cnt = vsprintf(str, fmt, argptr); // prints string to 
// buffer 
if (str[0] == NULL) 
return (0); 
// clear space where text is to be printed 
} 
xloc = getx(); 
yloc = gety(); 
getfillsettings(&oldfill); 
if (oldfill.pattern == USER_FILL) 
getfillpattern(userfillpattern); 
setfillstyle(SOLID_FILL, getbkcolor()); 
bar(xloc, yloc, xloc+textwidth(str), 
yloc+textheight("H")*5/4); 
if (oldfill.pattern == USER_FILL) 
setfillpattern(userfillpattern, oldfill.color); 
else 
setfillstyle(oldfill.pattern, oldfill.color); 
outtext(str); // write string to screen 
va_end(argptr); // terminate va_ function 
return (cnt); // return the conversion count 
// GGETCHEO 
// A graphics based getche() function 
int ggetche(void) 
{ 
char ch; 
ch = getch(); // get character with no echo 
gprintf("%c", ch); // output character 
return(ch); 
} 
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// GPUTCHO 
// A graphics based putch() function 
int gputch(int c) 
{ 
char buffer[2]; 
sprintf(buffer, "%c", c); 
gprintf(buffer); 
return(c); 
} 
// GGETSO 
// A graphics based text input routine. Returns the string 
// entered. Echoes text as it is entered, and supports the 
// backspace character. 
char *ggets(char *buffer) 
{ 
int currloc, maxchars, oldcolor; 
struct viewporttype view; 
char ch, charbuff[3]; 
buffer[0] = '\0'; 
currloc = 0; 
getviewsettings(&view); 
maxchars = (view.right - getx())/ textwidth("M") - 1; 
if (maxchars <= 0) 
return(NULL); 
gprintfxy(getx(), gety(), 
while ((ch = getch()) != CR) 
{ 
if (ch == BS) 
{ 
if (currloc > 0) 
{ 
currloc—; 
if (currloc <= maxchars) 
{ 
oldcolor = getcolor(); 
setcolor(getbkcolor()); 
sprintf(charbuff, "%c", buffer[currloc]); 
gprintfxy(getx() - textwidth(charbuff), gety(), "%c_", 
buffer[currloc]); 
setcolor(oldcolor); 
moveto(getx() - textwidth(charbuff), gety()); 
} 
} 
} 
} 
198 
else 
{ 
if (currloc < maxchars) 
{ 
oldcolor = getcolor(); 
setcolor(getbkcolor()); 
gprintfxy(getx{), gety(), 
setcolor(oldcolor); 
buffer[currloc] = ch; 
gputch(ch); 
currloc++; 
} 
else 
putch(0x07) ; 
} 
if (currloc < maxchars) 
gprintfxy(getx(), gety(), "_"); 
} 
if (currloc <= maxchars) 
{ 
oldcolor = getcolor(); 
setcolor(getbkcolor()); 
gprintfxy(getx(), gety(), "_"); 
setcolor(oldcolor); 
} 
buffer[currloc] = '\0'; 
return(buffer); 
// GSCANFO 
// A graphics based scanf{) function. It updates the 
// current position. Assumes LEFT_TEXT and HORIZ DIR 
// justification. 
int gscanf(char *fmt, ...) 
{ 
va_list argptr; 
char str[BUFSIZE]; 
int cnt; 
va start(argptr, fmt); 
ggets(str); 
cnt = vsscanf(str, fmt, 
va_end{argptr); 
return (cnt); 
/ argument list pointer 
/ buffer to accept user input 
/ number of fields converted 
/ initialize va_ functions 
/ get the user input 
argptr); // convert the input 
/ according to the format string 
/ terminate the va_ functions 
/ return number of successful 
/ input conversions 
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// GSCANFXYO 
// A graphics based scanf(). It does not affect the current 
// position and will echo input as it is entered at (xloc, 
// yloc). Assumes LEFT_TEXT and HORIZ_DIR justification. 
int gscanfxy(int xloc, int yloc, char *fmt, ...) 
{ 
va_list argptr; 
char str[BUFSIZE]; 
int cnt; 
int oldx, oldy; 
oldx = xloc; 
oldy = yloc; 
moveto(xloc, yloc); 
va_start(argptr, fmt); 
ggets(str); 
cnt = vsscanf(str, fmt, 
va end(argptr); 
moveto(oldx, oldy); 
return(cnt); 
pointer to argument list 
buffer to accept user input 
number of conversions made 
original current position 
save current position so that 
it can be restored later 
move to new current position 
initialize the va_ functions 
get user's input 
argptr); 
convert input string 
terminate va_ function 
return current position 
return conversion count 
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APPENDIX B: SAMPLE CALCULATIONS 
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Sample Calculations 
Satellite Transition Frequencies 
Vq = 3e^qO 
2I(2I-l)h 
Av = 25Vq^ [1(1+1) - 3/4] == width of splitting 
14^ 
for a polycrystalline sample, satellite resonance peaks will appear at: 
v(m—>m-l) = Vq - '/4vQ(2m-l) - (Vq^/16Vq) x [3m(m-l) -1(1+1) + 3/2] 
for m^'/z 
In the absence of accurate information on the quadrupole interaction parameters 
Vq, AV can be estimated from the spectra themselves. 
for X = 0.05 Na2S, Avg = 0.035160 MHz 
= 35.160 kHz 
and Vq = 22.000 MHz = 22,000 kHz 
The satellite transition frequencies arising from the trigonal boron sites can be 
calculated using these values for Avg and Vq: 
Av = 25VnE [1(1+1)-3/4] 
144V0 
35.160 kHz = 25Vq^ [3/2(3/2 + 1) - 3/4] 
"144^,000 kHz) 
35.160 kHz = 75^ 
111,386,880 kHz2 = 75VQ2 
1,485,158 kHz^ = Vq^ 
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1218.67 kHz = Vq = 1.22 MHz 
Then knowing Av and Vq, V(3/2->1/2) and v(-1/2-4-3/2) can be calculated: 
v(3/2-»l/2) (where m = 3/2): 
V = Vq - '-4vQ(2ni- l )  - (Vq^/IôVq) X [3m(m-l) -1(1+1) + 3/2] 
= Vq - '/4VQ(2m-l) - (Vq2/16Vo) X [3(3/2)(3/2-l) - 3/2(3/2+1) + 3/2] 
= Vq - !4vQ(2m-l) 
= 22,000 - '4(1218.67)(2) 
V = 21.390 MHz for the 3/2->l/2 transition 
v(-1/2->-3/2) (where m = -1/2): 
V = Vq - !4vQ(2m-l) - (Vq^/IôVq) x [3m(m-l) -1(1+1) + 3/2] 
= Vq - •/4VQ(2m- l )  - (Vq2/16Vo) X [3( - l/2)(-1/2-1) - 3/2(3/2+1) + 3/2] 
= Vq - l4vQ(2m-l) 
= 22,000 - I/4(1218.67)(-2) 
V = 22.609 MHz for the -1/2-^-3/2 transition 
These results show that the satellite transitions for the trigonal boron sites are not 
occuring in the region of the NMR spectrum being used to calculate Ng and N^. 
We also need to calculate the transition frequencies of the satellite transitions for 
tetrahedral borons sites. 
AV4 - FWHM of the central line 
o* 5.13 kHz (average for Na2S + B2S3 glasses) 
Vq = 22.000 MHz = 22,000 kHz 
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The satellite transition frequencies arising from the tetrahedral boron sites can 
calculated using these values for Av^ and Vq: 
Av = 25vq^ [1(1+1)-3/4] 
14^ 
5.13 kHz = 25Vq^ [3/2(3/2 + 1) - 3/4] 
"14%,000 kHz) 
16,251,840 kHz^ = 75Vq2 
216691 kHz^ = Vq2 
465 kHz = VQ 
Then knowing Av and Vq, V(3/2->1/2) and v(-1/2^-3/2) can be calculated: 
v(3/2-^l/2) (where m = 3/2): 
V = Vq - '/4vQ(2m-l) - (Vq^/IôVq) x [3m(m-l) -1(1+1) + 3/2] 
= VQ - >/4VQ(2m-l) - (VQ2/16VO) X [3(3/2)(3/2-l) - 3/2(3/2+1) + 3/2] 
= V q  -  14vQ ( 2 m - l )  
= 22,000 - '/4(465)(2) 
V = 21.767 MHz for the 3/2->l/2 transition 
v(-1/2-4-3/2) (where m = -1/2): 
V = Vq - %VQ(2m-l) - (Vq^/16vo) x [3m(m-l) -1(1+1) + 3/2] 
= VQ - '/4VQ(2m-l) - (VQ2/16VO) X [3(-1/2)(-1/2-1) - 3/2(3/2+1) + 3/2] 
= Vq - l4vQ(2m-l) 
= 22,000 - '4(465)(-2) 
V = 22.233 MHz for the -l/2->-3/2 transition 
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Magnitude of the Dipolar Interaction 
Gerstein and Dybowski [33] give the magnitude of the dipolar interaction as: 
= YiY2^I 
r3 
12 
where 
h = 1.05 X 10"^^ erg sec rad"^ 
Y('%) = 13.655 MHzyT = 8.5794 x lO'^ rad s'^ 
y(^^Na) = 11.262 MHz/T = 7.0761 x lo"^ rad s"^ 
And r is the internuclear distance. The intemuclear distance between two atoms 
can be estimated by taking twice the B-S bond distance, which can be estimated at 
1.8 Â, using the B-S bond distance given tw Dierks and Krebs [18] for crystalline 
B2S3. The internuclear distance between B and ^^Na can be estimated by adding 
the ionic radii for sulfur and sodium to the B-S bond distance. Martin et al. [1] 
estimate ionic radii of S and Na in Na2S + B^Sg glasses to be: 
S= 1.28 Â 
Na+ 1.16 Â 
This gives 
^B-Na ~ 4.240 Â = 4.24 x 10'^ cm 
RG_G = 3.6 Â = 3.6 X 10"^ cm 
Following the calculations outlined in [33], 
For 2%a-^'B: 
|3< Na-Bi ^ f8,5794 x ICT^ rad sec'l 0-^(7.0761 x 103 rad sec"' G'h h 
° (4.240 X 10-« cm)^ 
= 836.26 rad/s 
= 133.1 Hz 
= 0.133 kHz 
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And for 
= (8.5794 X 10-3 rad sec'^ G'h^ h 
(3.6 X 10'* cm)^ 
= 1656.5 Hz 
= 1.66 kHz 
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APPENDIX C: ^^Na MASS NMR SPECTRA 
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Figure C.l. MASS NMR spectrum of xNa2S + (l-x)B2S3 glass, x = 0.025 
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Figure C.2. MASS NMR spectrum of xNa2S + (l-x)B2Sg glass, x = 0.05 
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Figure C.3. MASS NMR spectrum of xNa2S + (l-x)B2Sg glass, x = 0.075 
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Figure C.4. MASS NMR spectrum of xNagS + (l-x)B2Sg glass, x = 0.010 
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Figure C.5. MASS NMR spectrum of xNagS + (l-x)B2Sg glass, x = 0.125 
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Figure C.6. MASS NMR spectrum of xNa2S + (l-x)B2S3 glass, x = 0.15 
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Figure C.7. MASS NMR spectrum of xNa2S + (l-x)B2Sg glass, x = 0.20 
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Figure C.8. MASS NMR spectrum of xNa2S + (l-x)B2Sg glass, x = 0.25 
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Figure C.9. MASS NMR spectrum of xNa2S + (l-x)B2S3 glass, x = 0.30 
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Figure C.IO. MASS NMR spectrum of xNa2S + (l-x)B2Sg glass, x = 0.60 
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Figure C.ll. MASS NMR spectrum of xNa2S + (l-x)B2Sg glass, x = 0.65 
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Figure C.12. MASS NMR spectrum of xNa2S + (l-x)B2S3 glass, x = 0. 
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Figure C.13. MASS NMR spectrum of xNa2S + (l-x)B2Sg glass, x = 0.75 
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Figure C.14. MASS NMR spectrum of xNa2S + (l-x)B2S3 glass, x = 0.80 
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APPENDIX D: MASS NMR SPECTRA 
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Figure D.l. MASS NMR spectrum of XK2S + (l-x)B2Sg glass, x = 0.025 
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Figure D.2. MASS NMR spectrum of XK2S + (l-x)B2Sg glass, x = 0.05 
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Figure D.3. MASS NMR spectrum of XK2S + (l-x)B2Sg glass, x = 0.075 
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Figure D.4. MASS NMR spectrum of XK2S + (l-x)B2Sg glass, x = 0.10 
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Figure D.5. MASS NMR spectrum of XK2S + (l-x)B2Sg glass, x = 0.125 
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Figure D.6. MASS NMR spectrum of xKgiS + (l-x)B2S3 glass, x = 0.15 
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Figure D.7. MASS NMR spectrum of XK2S + (l-x)B2Sg glass, x = 0.20 
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Figure D.8. MASS NMR spectrum of XK2S + (l-x)B2S3 glass, x = 0.25 
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Figure D.9. MASS NMR spectrum of XK2S + (l-x)B2S3 glass, x = 0.30 
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Figure D.IO. MASS NMR spectrum of xK^S + (l-x)B2S^ glass, x = 0.35 
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Figure D.ll. MASS NMR spectrum of XK2S + (l-x)B2Sg glass, x = 0.40 
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Figure D.12. MASS NMR spectrum of + (l-x)B2Sg glass, x = 0.45 
